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Abstract
Understanding the mechanisms by which mitochondrial genomes (mtDNA) evolve is
essential to phylogenetics and population genetics. Animal mtDNA is typically assumed
to be maternally inherited and absent of recombination events. If these assumptions are
incorrect, i.e. if paternal mtDNA is also being inherited (termed paternal leakage) and/or
recombination is occurring, the conclusions drawn from animal mtDNA analyses may
be inaccurate. Recombination is typically detected by its products; recombinant mosaics
of two differing „progenitor‟ molecules. However, maternal inheritance means
recombinant products are indistinguishable from progenitor molecules, especially if the
mtDNA population is homoplasmic. The majority of studies describe evidence of past
recombination, where patterns of recombination are inferred by comparing the mtDNA
of different individuals. Few studies assess contemporary mtDNA recombination, where
recombinant molecules are observed as direct mosaics of known progenitor molecules.
It has been suggested that the contact zones of hybridising species may be associated
with paternal leakage, creating a heteroplasmic environment that facilitates
recombination. Here we used populations of the potato cyst nematode, Globodera
pallida, as a model organism to investigate past and contemporary mtDNA
recombination, and paternal mtDNA leakage. G. pallida has demonstrated evidence of
mtDNA recombination. The mtDNA is multipartite, comprising several unique small
circular mtDNA (scmtDNA) molecules with an overlapping genetic organisation –
indicative of recombination. Further, a ~3.4 kb non-coding scmtDNA region of G.
pallida demonstrated significant genetic variation between populations, permitting
analysis of recombination and paternal leakage between these populations. To assess
past mtDNA recombination, this ~3.4 kb mtDNA region was analysed in 5 divergent G.
xvii

pallida populations using recombination detection software. Evidence of past
recombination was detected between a South American population and several
European populations of G. pallida, as well as between two South American
populations. This suggests that these populations may have interbred, paternal leakage
occurred, and the mtDNA of these populations subsequently recombined. To assess the
potential for this to occur, paternal leakage and contemporary recombination were
assessed in the ~3.4 kb mtDNA region in the progeny of experimental crosses between
these populations. There was no evidence of contemporary recombination between the
maternal and paternal mtDNA. However, evidence for paternal leakage was observed in
the experimental crosses of the two most divergent populations. In the progeny of these
crosses, population-specific primers amplified both maternal and paternal mtDNA, with
the paternal mtDNA dominant in several progeny. Therefore, even in a system with
maternal and paternal mtDNA present, and that is capable of recombination,
contemporary recombination was not detected. These results suggest that, under
appropriate conditions, mtDNA paternal leakage and recombination are readily
detected, but that recombination does not necessarily occur following paternal leakage.
The use of G. pallida as a model organism for studying mtDNA mechanisms also has
practical applications. Cyst-forming nematodes are economically important agricultural
pests. Identifying suitable molecular markers for these nematodes, and understanding
the evolution of these markers, will assist in developing effective prevention and
treatment strategies. The ability of three molecular markers to resolve multiple
representatives of five G. pallida populations was assessed. Targeted DNA regions
included the ~3.4 kb scmtDNA region described above, a pathogenicity factor – the
rbp-1 gene, and the internal transcribed spacer (ITS) region. Neighbour-Joining and
Bayesian Inference methods of phylogenetic analysis were performed on the three DNA
xviii

regions separately, and on a data set of these three regions combined. The phylogenies
of the scmtDNA region and the combined data set resolved more populations as
reciprocally monophyletic than did the phylogenies of the ITS region and rbp-1 gene.
These results suggest that individual markers, particularly the ITS region and the rbp-1
gene, may be inadequate for distinguishing populations of G. pallida. The use of this
scmtDNA marker may provide further insights into the historical distribution of G.
pallida. The scmtDNA molecules of Globodera species have another unusual feature;
polythymidine [poly(T)] length variation. Poly(T) variation can introduce frameshift
mutations that may render genes as non-functional pseudogenes. Thus it is necessary to
correctly characterise poly(T) tracts, as artefactual poly(T) variation could result in
inaccurate phylogenetic inference or genome annotation. The extent of artefactual
poly(T) variation was assessed using a cloned molecule from the cyst-forming
nematode Heterodera cajani. This indicated that artefactual poly(T) variation rates were
not significantly different to poly(T) variation rates that were measured in a biological
sample after an amplification. This suggested that the majority of poly(T) variation in
the biological sample was artefactual. The generation of poly(T) variation in a range of
templates with tracts up to 16 Ts long was also examined, utilising the mtDNA of the
cyst-forming nematodes. This indicated that poly(T) variation was present at tracts with
>6 Ts, T deletions were 5 times more frequent than insertions, and a trend towards
increasing error rates with increasing tract length. These observations have implications
for phylogenetic and genomic studies of cyst-forming nematode mtDNA, as the mtDNA
of these nematodes have unusually high numbers of poly(T) tracts.

xix
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CHAPTER 1: Introduction
1.1 Mitochondrial Genetics
The genome of the mitochondrion is an autonomously replicating DNA
(deoxyribonucleic acid) molecule, encoding some of the enzymes, transfer RNA
(tRNA) and ribosomal RNA (rRNA) genes necessary for electron transport and
oxidative phosphorylation (Gray et al. 1999). In contrast to nuclear DNA, mitochondrial
DNA (mtDNA) is typically maternally inherited, with multiple copies present per cell
(Birky 2008). Further, in animals (Kingdom: Metazoa) mtDNA typically has a higher
mutation rate than nuclear DNA (and thus a greater sequence divergence between
organisms), no introns and does not recombine (Avise 1994; Gray 1989; Harrison 1989;
Moritz et al. 1987; Rokas et al. 2003). These features of mtDNA promote its use as a
molecular marker for phylogenetic and population studies (Berlin et al. 2004; Hagelberg
et al. 1999). Recombination events produce dramatic sequence changes, resulting in
more difficult determination of phylogenies than if recombination was absent (Cann et
al. 1987; Hey 2000). Thus, this lack of recombination allows metazoan evolutionary
histories to be directly inferred via analysis of point mutations and indels
(insertion/deletion events) that accumulate in the mtDNA.

Understanding the mechanisms by which mtDNA evolves is fundamental to
phylogenetic and population studies that utilise mtDNA (Ballard and Rand 2005;
Mindell and Thacker 1996), as well as to other fields of study. For example,
conservation and biodiversity studies rely on accurate phylogenetic, population and
gene flow analyses to develop policies that promote biological sustainability (e.g.
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Robertson et al. 2007). Forensic research also uses mtDNA; in the identification and
evolutionary analysis of mtDNA associated with a crime scene (e.g. Cainé et al. 2009).
Analysis of mtDNA mutations also has medical applications, with many genetic
diseases associated with mtDNA mutations, and with mtDNA phylogenetic analyses
enabling prediction of appropriate organisms to use as disease models (Simon and Johns
1999). Thus, improving our understanding of the factors underlying mtDNA mutations
and identifying appropriate mtDNA molecular markers will have broad impact.

This thesis will describe in detail the features of eukaryotic mtDNA, reasons for (and
some against) its use as a molecular marker, and how it can be studied using model
organisms. Within these chapters the mtDNA features of animals will be contrasted to
that of other eukaryotic kingdoms, with particular emphasis on two major features that
are associated with its use as a molecular marker (a lack of recombination, and maternal
inheritance), with both the theoretical and evidence-based research behind these features
compared. The potential for mtDNA recombination and paternal inheritance will be
discussed, along with the phylogenetic implications of both phenomena. Additionally,
the use of a nematode as a model organism for studying these mtDNA features will be
presented, as well as the advantageous research outcomes of using an economically
significant pest species as a model, and the future directions of mtDNA research in
relation to the results presented here.

1.2 Thesis Format
This thesis comprises an introductory chapter that establishes the background of the
research (Chapter 1), several chapters that were written as journal articles that are either
2

submitted to, or published in scientific journals (Chapters 2, 3, 4 and 5), a chapter
summarising the major conclusions and outcomes from the integration of the results of
Chapters 2, 3, 4 and 5, the implications of the research presented and future directions
(Chapter 6), and a chapter of the references from Chapters 1-6, merged into one
cohesive reference section (Chapter 7). Following these chapters are the appendices
containing supplementary information necessary for interpreting the research presented
here. The chapters written as journal articles have been left in the general submission
format, except for minor format changes for presentation purposes, and the addition of a
declaration statement indicating the status of the publication and the contribution of
each co-author. As a result of presenting in this format, there is some repetition between
the background information in Chapter 1 and the introductory sections in the other
chapters, as well as some repetition in methodology and results between the chapters.
Some sections have been cross-referenced to avoid unnecessary repetition.

1.3 Eukaryotic Mitochondrial Genomes
The mitochondria of eukaryotes, including that of the kingdoms Protozoa (single or
simple multicellular animals), Fungi, Plantae, and Metazoa (multicellular animals), are
thought to have evolved through the endocytosis of an aerobic bacterium by an
anaerobic bacterium. This preceded an endosymbiotic relationship between the two
bacteria, resulting in the aerobic bacterium transforming into the mitochondrion
(Margulis 1970). This hypothesis explains; why mitochondria have their own DNA,
separate from nuclear DNA, and hence are capable of autonomous replication; why
mitochondria have an inner and outer „cell‟ membrane; and why prominent features of
mtDNA are conserved throughout the eukaryotes, as they are all derived from a
3

common bacterial ancestor. Further evidence of this endosymbiotic hypothesis has been
reported from biochemical analyses. For example, the phospholipid content of the
mitochondrial membrane is more similar to that of bacterial membranes than to that of
animal cell membranes (e.g. de Andrade Rosa et al. 2006). Further, analysis of the DNA
and protein sequences has indicated that that of mitochondrial DNA has a closer
phylogenetic relationship with that of bacteria, relative to the sequence of nuclear DNA
and proteins (Dayhoff and Schwartz 1981).

1.3.1 Structure and Organisation
Many eukaryotic mitochondrial genomes have shared characteristics, such as a single,
circular DNA structure, with this molecule present hundreds of times within each cell
(termed multicopy), and with rRNA, tRNA and protein-coding genes present. However,
many eukaryotes also demonstrate considerable plasticity in their mtDNA structure and
organisation, relative to other eukaryotes. In this review, the most common structure of
the metazoan mitochondrial genome will be described first (as this is the focus of the
present study), and this mtDNA structure and organisation compared to that of the
mtDNA from other eukaryotic kingdoms.

Metazoan mitochondrial genomes (Fig. 1.1) normally consist of 36-37 genes; including
2 rRNA genes (for the small and large rRNA subunits, 12S and 16S, respectively),
many tRNA genes (usually one for each of the 20 amino acids, except two each for
serine and leucine), and 12-13 mitochondrial protein-coding genes. The protein-coding
genes encode cytochrome b (Cytb), cytochrome oxidase subunits I (COI), II (COII) and
III (COIII), at least 7 nicotinamide adenine dinucleotide (NADH) dehydrogenase
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subunits (subunits 1 to 6 and 4L), and 1-2 adenosine triphosphatase (ATPase) subunits
(subunits 6 and 8), with this composition deviating slightly in organisms within the
Metazoa, and more so in the other eukaryotic kingdoms (for reviews, see Burger et al.
2003; Chomyn and Attardi 1987; Gray 1989; Gray et al. 1998; Lavrov 2007; Paquin et
al. 1997; Wolstenholme 1992). The common mtDNA features described for metazoans
(see below) primarily refer to bilaterian metazoans. Non-bilaterian metazoans (e.g.
cnidarians) display considerable plasticity in their mtDNA relative to other animals
(Lavrov 2007).
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Figure 1.1 Map of the mitochondrial genome typical of metazoans, using the mtDNA gene organisation
typical of many insects as an example. This indicates the circular structure of metazoan mtDNA, and
minimal non-coding sequence (coloured green), except for short intergenic sequences and an AT-rich
control region (denoted AT rich). The gene content on the heavy and light DNA strands are also
indicated, with the gene labels either external or internal to the molecule, respectively. The protein coding
genes (coloured pink) are denoted by the protein they encode: Cytb for cytochrome b; COI-III for
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cytochrome oxidase subunits I-III, respectively; ND1-6 and 4L for NADH dehydrogenase subunits 1-6
and 4L, respectively; and ATP6 and 8 for ATPase subunits 6 and 8, respectively. The genes for the small
and large rRNA subunits (coloured orange) are denoted as 12S and 16S rRNA, respectively. The tRNA
genes (coloured blue) are represented by the one-letter abbreviation of the amino acid which they encode,
with the two serine and leucine tRNAs differentiated by their codon sequence in parentheses. Adapted
from Dowton et al. (2002).

Among eukaryotes there are several deviations from this conserved mtDNA
organisation. For example, plant mtDNA often has an additional two rRNA genes
(Fauron et al. 1995; Mower and Bonen 2009). Some fungal species have been found to
lack all 7 NADH dehydrogenase genes (Paquin et al. 1997), while protozoan and plant
mtDNA often contains up to 12 (Gray et al. 1998; Paquin et al. 1997). The mtDNA of
some metazoan and protozoan species do not comprise a complete set of 22 tRNA
genes, with non-represented tRNA genes possibly encoded by the nuclear genome and
imported into the mitochondrial cytoplasm (Bullerwell and Gray 2004; Gray et al.
1998). Further, instead of the usual 2 ATPase genes, several metazoans lack an ATPase
8 gene (Wolstenholme 1992), while fungi have an additional ATPase gene (ATPase 9),
and some protozoans have up to 5 ATPase genes (Gray et al. 1998). Plant and some
protozoan mtDNA also have several additional genes encoded by the mtDNA that are
not found in metazoan or fungal mtDNA, with more than 50 genes in many protozoan
mtDNA (Bullerwell and Gray 2004) and up to 64 genes in plants (Kitazaki and Kubo
2010) (c.f. 37 in metazoans; Wolstenholme 1992). Also, in plant mtDNA, nonfunctional pseudogenes are common. These pseudogenes are thought to be formed by
the duplication of functional genes, but contain mutations which introduce reading
errors, such as stop codons or frameshift mutations, which result in the expression of
truncated or highly divergent proteins, respectively (Fauron et al. 1995). Pseudogenes
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have been observed sporadically in metazoan mtDNA; including tRNA pseudogenes in
insects (Dowton et al. 2003; Lessinger et al. 2004), amphibians (Mueller and Boore
2005; San Mauro et al. 2006), reptiles (Kumazawa et al. 1998; Macey et al. 1998; Peng
et al. 2006; Zevering et al. 1991) and fish (Mabuchi et al. 2004), as well as an rRNA
and an NADH dehydrogenase subunit (ND1) pseudogenes in a lizard (Zevering et al.
1991), and pseudogenes of an rRNA, ATPase 6 and ND4 in a nematode (Tang and
Hyman 2007).

The structure of mtDNA also varies between eukaryotes. Metazoans have highly
compact mitochondrial genomes with minimal introns and intergenic sequences. As a
result, their mitochondrial genomes are relatively small in size, with an average size of
approximately 16 kb (kilo base pairs) (Lavrov 2007). In comparison, the mtDNA of
fungi have the highest proportion of introns of the eukaryotes, and a variable array of
intergenic sequences (Gray et al. 2004). The mtDNA of fungi range in size from ~19 to
~100 kb (Bullerwell and Gray 2004). Despite the mtDNA of fungi having fewer introns
than that of plants, the mitochondrial genomes of plants are the largest of the
eukaryotes, ranging in size from approximately 180 to 2400 kb (Gray et al. 2004;
Kitazaki and Kubo 2010). This results primarily from the mtDNA of plants having a
higher proportion and size of non-coding intergenic sequences (Gray et al. 2004; Gray
et al. 1998). Protists also display considerable plasticity in their mtDNA size, content,
and structure, with features reminiscent of metazoan, plant and fungal mtDNA present
in some protist mtDNA (for reviews, see Bullerwell and Gray 2004; Gray et al. 2004;
Gray et al. 1998). For example, the mtDNA of protozoans can be as small as 6 kb,
coding only 5 genes (Gray et al. 2004), or over 200 kb, but consisting of hundreds of
short linear fragments ranging from 0.3 to 8.3 kb (Bullerwell and Gray 2004).
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Many of the genetic differences between the eukaryotic kingdoms can be used as tools
to analyse the evolutionary relationships between highly divergent organisms. Within a
kingdom, gene order is a commonly used molecular marker (Boore et al. 1995).
However, the accuracy of using gene order as a phylogenetic marker is controversial,
with unreliable trees reported to be generated from phylogenetic studies involving a
wide-range of taxa (e.g. Negrisolo et al. 2004). The ability of this marker is dependent
on the reliability of the dataset, and the appropriateness of the dataset relative to the
phylogenetic software utilised (Moret and Warnow 2005). For evolutionary analysis of
more recently diverged organisms, including for population genetics, the compact,
intron-less, and typically rapidly evolving mtDNA sequence of metazoans provides
point mutations for use as genetic markers (Lavrov 2007). This is particularly the case if
it is assumed that animal mtDNA is absent of recombination events and is maternally
inherited.

1.3.2 Recombination
Recombination is the physical exchange of genetic material between DNA molecules. It
occurs where two DNA molecules interact, creating a chiasma where the DNA strands
cross over. At this chiasma the DNA strands can break and subsequently rejoin to
different DNA strands, creating unique recombinant molecules. Thus, recombination
involves the breaking and subsequent rejoining of one or more „progenitor‟ DNA
molecules, resulting in the formation of one or more new „daughter‟ DNA molecules.
These recombination products consist of a combination of reciprocal sequences from
the progenitor DNA from which they were derived (i.e. a „mosaic‟ of their original
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DNA molecules; see Fig. 1.2). Thus recombination is most readily detected by analysis
of its products. Recombination can be homologous (between ancestrally identical DNA
molecules), such as between chromatids during meiosis, or non-homologous (between
non-identical DNA molecules), such as during the transposition of genetic material
between genetically dissimilar chromosomes. It has been suggested that where a break
in double-stranded DNA occurs, recombination may also be involved in the process of
DNA repair, as well as in re-initiating DNA replication when such a break has
prematurely terminated this process. Thus, recombination may be an advantageous
biological process (Kowalczykowski 2000).
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Figure 1.2 A schematic example of DNA molecules generated through recombination, demonstrating the
formation of „daughter‟ molecules that are mosaics of their progenitors.

mtDNA recombination has been well described in fungi (Gross et al. 1984) and plants
(Fauron et al. 1995; Kitazaki and Kubo 2010), though thus far evidence for mtDNA
recombination has only been reported in one protist (Norman and Gray 2001), and
rarely in animals (for further descriptions of mtDNA recombination in metazoans, see
section 1.4 and Chapter 2). In plants and fungi, several different recombinant products
have facilitated the detection of mtDNA recombination. „Subgenomic minicircles‟ and
„sublimons‟ contain rearranged genetic fragments that cannot be explained by simple
mutation or deletion events, but are characteristic of recombination events. With respect
to mtDNA, subgenomic minicircles are small, circularised, low-abundance derivatives
of a predominant „master‟ mtDNA (see Fig. 1.3); these subgenomes contain only a
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subset of the genes found on the master mtDNA (Fauron et al. 1995). These have been
observed in both fungi and plants (Fauron et al. 1995; Gross et al. 1984; Kitazaki and
Kubo 2010; Palmer and Shields 1984). In these genomes, the subgenomic minicircles
are found coexisting with a major circle, with both circle types constituting derived
reciprocals of the predominant wild type mtDNA (Palmer and Shields 1984). Sublimons
have also been observed in the mtDNA of plants (Fauron et al. 1995), and are lowabundance circularised isomers of a plant master mtDNA (Small et al. 1987). Further,
plant mitochondrial genomes contain mosaic sequences comprising nuclear and
chloroplast DNA insertions within the mtDNA, which is also indicative of the operation
of recombination (Fauron et al. 1995; Moritz et al. 1987). These recombination products
further contribute to the complexity of these genomes and to the exceptionally large size
of plant mtDNA.
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than the wildtype
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Figure 1.3 Hypothesis proposed by Lunt and Hyman (1997) for how mtDNA minicircles may be formed
by recombination, coexisting with a predominant mtDNA „major‟ circle. Tandem repeat regions are
represented by boxes, and unique flanking regions are represented by solid black lines, with thick dashed
lines indicating that the circular sequence extends beyond the image. Tandem repeats in the circular,
wildtype mtDNA provide recombination „hotspots‟, whereby DNA strands break and cross over during
recombination. DNA strands rejoin at new positions, forming a major circle shorter than the wildtype
mtDNA, as well as a minicircle from the fragment that is excised from the wildtype mtDNA. Adapted
from Lunt and Hyman (1997).

There is a current debate concerning the extent to which recombination occurs in
metazoan mitochondrial genomes (see section 1.4). The traditional view assumed that
recombination was absent from animal mtDNA (Fauron et al. 1995; Moritz et al. 1987),
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with the products of recombination difficult to detect, particularly in earlier studies.
However, with the capacity for DNA sequencing increasing substantially in recent
years, more studies have emerged that report evidence of recombination in the mtDNA
of some metazoans. Thus, the contributions of recombination to animal mtDNA
evolution may be significant, and warrant further investigation.

1.3.3 Inheritance
Also among the conserved characteristics of eukaryote mtDNA, inheritance of mtDNA
is typically from one parent (uniparental inheritance). For example, in higher plants and
metazoans where there are differentiated sexes, the mtDNA is typically inherited
maternally (Birky 2008; DeVerno et al. 1993). However, some plants have uniparental
inheritance, but only paternal mtDNA is inherited. This has been reported for the coast
redwood (Sequoia sempervirens) (Neale et al. 1989) and a species of banana (Musa
acuminate) (Fauré et al. 1994). For eukaryotes without distinct sexes, such as algae,
inheritance is also uniparental, with the mtDNA of one parent degraded (Aoyama et al.
2006; Birky 2008; Nakamura et al. 2004). Uniparental inheritance results in a
homoplasmic mtDNA population within an individual, where all mtDNA molecules are
identical (Rokas et al. 2003). Thus, for most eukaryotes, mtDNA inheritance can be
traced along a single lineage.

In fungi, mtDNA inheritance can be uniparental from either parent, or biparental
(inherited from both parents) (Birky 2008; Coenen et al. 1996; Matsumoto and
Fukumasa-Nakai 1996; Nakamura et al. 2004). Biparental inheritance creates a
heteroplasmic mtDNA population of different mtDNA molecules in an individual,
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resulting in more difficult determination of evolutionary histories, as two lineages must
be traced. Unlike most metazoans, mussels of the Mytilidae and Unionidae families
(Phylum: Cnidaria) have a unique form of biparental inheritance. These mussels inherit
mtDNA from both parents via complex transmission mechanisms that segregate the
maternal and paternal mtDNA during transmission (Breton et al. 2007; Zouros et al.
1994). Further, several studies have reported low-abundance paternal mtDNA in some
species with predominantly maternal mtDNA inheritance, including in a broad range of
metazoans (see Fontaine et al. 2007), and in some plant species (Bentley et al. 2010;
McCauley et al. 2005). Thus, with sequence analysis capabilities increasing, a number
of studies report exceptions to the „rule‟ of maternal mtDNA inheritance. (For further
descriptions of metazoan mtDNA inheritance, see section 1.5 and Chapter 3).

The heteroplasmic mtDNA population resulting from biparental inheritance may create
the potential for recombination, as recombination is reported to be most readily detected
when differing DNA molecules break and rejoin. In these instances, recombination may
be detected as mosaic products of maternal and paternal mtDNA sequences (Rokas et al.
2003). Consequently, the extent and context of metazoan mtDNA recombination, as
well as paternal mtDNA inheritance, needs to be understood independently, and in
relation to the other.

1.4 Metazoan mtDNA Recombination
All types of recombination were traditionally thought to be absent in animal mtDNA
(Moritz et al. 1987). However, there are a number of studies that have presented
evidence contrary to this in a diverse range of metazoans, including studies involving
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parasitic wasps (Dowton and Austin 1999), ticks (Shao et al. 2001), nematodes
(Armstrong et al. 2000; Husmeier and McGuire 2003; Lunt and Hyman 1997), mussels
(Ladoukakis and Zouros 2001a), lizards (Ujvari et al. 2007) and humans (Kajander et al.
2000; Kraytsberg et al. 2004). Despite these observations, the argument for a lack of
recombination has remained resilient, with evidence for recombination events criticised
as indirect, inaccurate and insignificantly rare (Innan and Nordberg 2002; McVean
2001).

1.4.1 Mechanisms of Recombination
There are several types of recombination that could theoretically occur in mitochondrial
genomes, including intramitochondrial (within a mtDNA molecule), and
intermitochondrial (between different mtDNA molecules), and these can be between
either homologous or non-homologous sequences (Rokas et al. 2003). The formation of
sublimons and minicircles (Fig. 1.3) are typically examples of intramitochondrial
recombination. Recombination between maternal and paternal mtDNA is an example of
intermitochondrial recombination, the products of which would be a mosaic of maternal
and paternal mtDNA sequences (see Fig. 1.4). In homologous recombination, DNA
breakpoints can occur at any positions in the genome which share sequence homology
(Ladoukakis and Zouros 2001a). In non-homologous recombination, the breakpoint
hotspots may occur within tandem repeats that can occur in the control region (Lunt and
Hyman 1997). The lack of redundancy (e.g. lack of duplicated sequences), and
homoplasmic state of animal mtDNA means that non-homologous intramitochondrial
recombination is expected to be the most frequent type of recombination in typical
animal mitochondrial genomes.
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Figure 1.4 Example of the mosaic sequence pattern expected if intermitochondrial mtDNA recombination
has occurred. Each row represents a recombinant mtDNA sequence, with pink and blue bands
representing fragments from maternal and paternal mtDNA molecules, respectively. White bands linking
the alternate mtDNA fragments contain the breakpoints that facilitate recombination. This example is
taken from a study observing alternate maternal and paternal fragments in the mitochondria of a human
with a mitochondrial-associated muscular disorder. Positions A, B and C frequently have maternallyderived fragments on one side, paternally-derived fragments on the other, and are indicative of breakpoint
„hotspots‟. Grey areas represent regions that were not mapped. Adapted from Kraytsberg et al. (2004).

1.4.2 Lack of Recombination in Metazoans
A lack of recombination in metazoan mitochondrial genomes was proposed after a
range of studies found no evidence for it. For example, a study by Clayton (1974)
examined mammalian mtDNA for evidence of recombination by searching for
crossover events and excision repair activity, as these recombination-mediated mtDNA
repair mechanisms were known to occur in nuclear DNA. An experiment was designed
to assay the repair of ultraviolet light-induced pyrimidine dimers in the mtDNA of
mouse and human cell lines. This assay did not detect a decline in pyrimidine dimers in
either the mouse or human mtDNA, indicating a lack of repair activity, and hence a lack
of recombination in mammalian mtDNA. Zuckerman and colleagues (1984) attempted
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to detect recombination using metazoan somatic cell hybrids containing both mouse and
Chinese hamster mitochondria. However, chromosome analysis of the hybrid
populations revealed that the mtDNA of both the mouse and hamster remained intact,
with no evidence of molecules resembling mosaics of mtDNA from the two
populations. Additionally, Howell (1997) argued that, as recombination is associated
with DNA repair and replication (Kowalczykowski 2000), the high mutation rate of
metazoan mtDNA relative to nuclear DNA is indicative of a lack of mitochondrial
recombination in metazoans. These observations lead to the general agreement that
recombination does not occur in metazoan mtDNA. This was a fundamental discovery,
as evidence for recombination had been reported for many other known eukaryotic
mitochondrial genomes (Gillham et al. 1994).

1.4.3 Evidence for Recombination in Metazoans
A number of studies have reported evidence for recombination in the mtDNA of some
metazoans. Typically, these studies report evidence of past recombination events; where
patterns of recombination are inferred by comparing the mtDNA of different
individuals. Few studies have reported evidence of contemporary recombination events.
In intermitochondrial recombination, evidence of contemporary recombination is where
the direct progenitor mtDNA sequences are characterised and recombinant mosaics of
these progenitor sequences have been detected. In intramitochondrial recombination,
contemporary recombination evidence is where the wildtype mtDNA is characterised,
and derived reciprocal double-stranded molecules with unique breakpoint junctions are
characterised. Past recombination events are consistent with the operation of
recombination, but may also be explained by other mechanisms. For example, mosaic
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mtDNA molecules (see Fig. 1.4), sublimons, and subgenomic minicircles (see Fig. 1.3);
all require the breakage and rejoining of participating DNA strands, a defining feature
of recombination (Lunt and Hyman 1997), but many examples of sublimons and
subgenomic minicircles could also be explained by incomplete replication. These
observations of sublimons and minicircles without unique breakpoint junctions, or gene
inversions can generally also be explained by mutation or duplication models (Shao and
Barker 2003). Such models include the duplication/random-loss model for gene
rearrangement (Macey et al. 1997b; Moritz et al. 1987). This model suggests that during
mtDNA replication or repair, the newly synthesised DNA strand can slip forwards or
backwards to regions of chance homology, resulting in a portion of the genome being
bypassed or duplicated by the replicative process. These duplications are eventually
converted to pseudogenes as mutations accumulate and nucleotides (nts) are randomly
deleted. Several studies have reported indirect evidence for the operation of
recombination, demonstrating that animal mitochondria have the capacity to facilitate
mtDNA recombination through analysis of the molecular and cellular properties of
mtDNA and the mitochondrion itself (e.g. Arunkumar et al. 2006; Kvist et al. 2003;
Thyagarajan et al. 1996). The following sections describe and critique these
observations of contemporary and past recombination events, as well as indirect
evidence of the operation of recombination, in order to critically assess the evidence for
recombination in metazoan mtDNA. (Recombination in animal mtDNA is also
discussed in Chapter 2).
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1.4.3.1

Evidence for contemporary mtDNA recombination

In organisms with uniparental mtDNA inheritance, such as most metazoans, a
homoplasmic population of mtDNA molecules is inherited, which subsequently expand
(Moritz et al. 1987). In these circumstances, if intramolecular recombination occurs then
recombinant molecules can be detected as reciprocal, double-stranded subgenomic
minicircles, with unique junctions that cannot be explained by a deletion or replication
process (Lunt and Hyman 1997). Such recombinant products have only been reported in
the mtDNA of a nematode. Lunt and Hyman (1997) identified these products of
recombination in the form of subgenomic minicircles in the nematode Meloidogyne
javanica. Low-abundance minicircles coexisting with major circles were identified
using polymerase chain reaction (PCR) methods and sequence analysis. They concluded
that these circles could only be produced by the breaking and subsequent rejoining
mechanism of recombination; both mini- and major circles contained unique junctions
in a region containing tandem repeats (see Fig. 1.3). Additionally, the circular
molecules produced were reciprocals of one another, a hallmark pattern of
recombination.

In organisms where mitochondrial DNA molecules are inherited from both parents,
such as in several mussel species, the mtDNA population is heteroplasmic; where two
different mitochondrial genomes are present within a cell. Such heteroplasmic cells
have provided evidence for contemporary homologous recombination in the freshwater
mussel species Mytilus galloprovincialis (Ladoukakis and Zouros 2001a). The mtDNA
of the mussel families Mytilidae (sea mussels) and Unionidae (freshwater mussels) are
unusual in that the mtDNA of both parental organisms are inherited simultaneously
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along independent transmission pathways, a process termed doubly-uniparental
inheritance (Breton et al. 2006; Zouros et al. 1994), with the sperm mtDNA only
eliminated in females (Garido-Ramos et al. 1998). Generally, male and female
sequences differ by greater than 20% (Hoeh et al. 1997), which is suggested to be too
great for homologous recombination to occur (Selva et al. 1995). However, homologous
recombination has been reported in male mussels where the female mtDNA penetrated
the transmission path of the male mtDNA, invaded the germ cells and then crossbred
with another female. Here, the extent of sequence homology between these mtDNA
molecules facilitated homologous recombination (Hoeh et al. 1997). Using M.
galloprovincialis as a model, Ladoukakis and Zouros (2001a) provided evidence for
homologous mitochondrial recombination in metazoans, via observations of mosaic
maternal and paternal mtDNA molecules in males (similar to the pattern shown in Fig.
1.4). However, further work on this mussel system by Ladoukakis et al. (2011) has
since demonstrated that homologous recombination can occur between male and female
mtDNA molecules that differ by more than 20%. From these results they concluded that
the mismatch repair system that typically prevents recombination between highly
divergent sequences is not active in the mitochondria of animals, possibly because it is
unnecessary in the typically homoplasmic mtDNA of animals. Though these were
exciting discoveries, the idiosyncratic doubly-uniparental mtDNA transmission
mechanism of Mytilidae and Unionidae families suggested that these were possibly
extremely rare exceptions to normal mtDNA behaviour.

Mechanisms exist in metazoans to prevent sperm mitochondria surviving (Sutovsky et
al. 2000), hence preventing heteroplasmy. However, these mechanisms can occasionally
fail, and paternal mtDNA can be inherited (Ankel-Simons and Cummins 1996;
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Gyllensten et al. 1991). In such heteroplasmic cells, mosaic mtDNA molecules
comprising paternal and maternal fragments have been detected. For example, using
mtDNA from a human with a mitochondrial muscular disorder (myopathy) where both
maternal and paternal mtDNA molecules were inherited, intermitochondrial
recombination was identified in post-mitotic human tissue biopsies via identification of
maternal and paternal mtDNA mosaics (see Fig. 1.4; Kraytsberg et al. 2004). This
provided evidence for contemporary recombination in a metazoan mitochondrial
genome. Breakpoint hotspots associated with the control region were also identified in
these human mtDNA molecules (see Fig. 1.4; Kraytsberg et al. 2004).

1.4.3.2

Evidence for past mtDNA recombination

Several studies have presented evidence for ancestral recombination events, where
patterns of recombination are indirectly inferred by comparing the mtDNA of different
individuals (c.f. contemporary recombination, where recombinant molecules are
observed as mosaics of known progenitor molecules). Analyses of the molecular and/or
genetic structure of animal mtDNA have provided evidence for past recombination in
the form of sublimons, subgenomic minicircles and gene inversions. Additionally,
studies based on computational analysis in the assessment of recombination have also
provided evidence of past recombination.

In human mtDNA, evidence of past recombination was deduced following the detection
of mitochondrial sublimons, where no unique junctions that are indicative of
recombination breakpoints were detected. Kajander and colleagues (2000) identified an
extensive array of low-abundance sublimons in healthy human mitochondrial genomes
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that were most likely formed via recombination events. Sublimons were identified by
sequence analysis of tissue biopsies from skeletal muscle, liver, brain and heart
following PCR amplification of mtDNA. To ensure experimental artefacts were not
influencing the results, the experiment was trialled with different quantities of mtDNA,
and with different numbers of PCR cycles, with all experiments reporting similar
quantities of sublimons relative to nuclear DNA. Breakpoint hotspots were also
identified primarily in the control region, suggesting that these hotspots may facilitate
strand breakage during recombination. Within the human sublimons, these hotspots
were adjacent to a protein-binding site, the D-loop, suggesting protein interactions may
be involved in recombination. If sublimons are the products of recombination, this
evidence demonstrates that intramitochondrial recombination most likely occurs at low
levels in healthy human mitochondria.

Evidence for past recombination was also reported in the mtDNA of the plant-parasitic
nematode, Globodera pallida (Armstrong et al. 2000). The mitochondrial genome of G.
pallida was found to be multipartite, consisting of at least six minicircle mtDNA
molecules ranging in size from approximately 6.4 to 9.4 kb, with no evidence of a
putative master mtDNA molecule (Fig. 1.5). These minicircles were all significantly
smaller than that expected for metazoan mitochondrial genomes, with the average
metazoan mtDNA approximately 16 kb (Lavrov 2007), and the smallest complete
mtDNA sequenced only 12.6 kb, from the nematode, Xiphinema americanum sensu
stricto (He et al. 2005). These six small circular mitochondrial DNA (scmtDNA I-VI)
molecules characterised in G. pallida were each found to contain a separate
arrangement of many of the conventional genes generally found in metazoan mtDNA.
The presence of minicircles suggested the operation of recombination, but additional
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evidence came from sequence analysis by Gibson and colleagues (2007b). This analysis
identified large, multigenic fragments that were present on multiple scmtDNA
molecules, with >94% identity between these fragments on different scmtDNA
molecules (fragments A-D in Fig. 1.5), such that several of these molecules could have
been generated through recombination between other scmtDNA molecules. For
example, recombination between scmtDNA II, containing fragment A, and scmtDNA
III, containing fragment B, could have generated scmtDNA I, which is comprised of
fragments A and B.
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Figure 1.5 Organisation of the mitochondrial genome of the nematode, Globodera pallida, consisting of
several scmtDNA molecules. Large multigenic fragments are present on multiple scmtDNA molecules,
indicated by the black arcs A-D within the scmtDNAs. The protein coding genes (coloured pink) are
denoted by the protein for which they encode: Cytb for cytochrome b; COI-III for cytochrome oxidase
subunits I-III, respectively; ND1-6 and 4L for NADH dehydrogenase subunits 1-6 and 4L, respectively;
and ATP6 and 8 for ATPase subunits 6 and 8, respectively. The genes for the small and large rRNA
subunits (coloured orange) are denoted as 12S and 16S rRNA, respectively. The tRNA genes (coloured
blue) are represented by the one-letter abbreviation of the amino acid which they encode, with the two
serine and leucine tRNAs differentiated numerically. The prefix ps- denotes genes that may be nonfunctional pseudogenes. The AT rich non-coding regions are indicated in green. Adapted from Gibson et
al. (2007b).
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Subgenomic minicircles were also observed in the mtDNA of several species of lice
(Shao et al. 2009). The mitochondrial genomes of these lice were found to consist of
multiple minicircles, with each minicircle containing 1-3 genes, and with no evidence of
a „master‟ circle. DNA sequencing, gel electrophoresis and Southern hybridisation
analyses in one louse, Pediculus humanus, indicated that its mtDNA was comprised of
18 minicircles of 3-4 kb each. Similar to the minicircles described for G. pallida, and
suggesting the operation of recombination, the mtDNA minicircles of P. humanus had
several sequences within coding regions that were conserved between different
minicircles.

mtDNA genome sequencing of a broad range of insect species reported extensive gene
inversions in mtDNA (Dowton and Austin 1999; Shao and Barker 2003). Inversions
cannot easily be explained by duplication or deletion mechanisms, but likely require the
breakage and rejoining of mitochondrial DNA strands. These studies concluded that
these inversions may be the result of intramitochondrial recombination.

Several statistical approaches have also been used to provide evidence for the operation
of recombination in human mtDNA, in studies aimed at inferring the evolutionary
origin of humans. Briefly, these studies involved examining homoplasies and the
likelihood that these are caused by either recombination or convergent evolution (EyreWalker et al. 1999); applying a „Maximum Chi-Squared‟ (MaxChi) method that
removes the need for subjective visualisation of the data (Maynard Smith and Smith
2002); as well as analysing the physical distance between genes relative to „linkage
disequilibrium‟ (Awadalla et al. 1999; Gantenbein et al. 2005). Linkage disequilibrium
is the correlation between alleles at variable sites. As the physical distance between
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variable sites increases, the effect of recombination (or cumulative mutation) on linkage
disequilibrium should increase (Awadalla and Charlesworth 1999). Thus these
approaches provide systematic methods for detecting recombination. Despite these
studies claiming to have found evidence for recombination, the evidence is poorly
supported and indirect, and has thus been the subject of criticism. Firstly, acceptance of
recombination as opposed to other rearrangement models is often based on
unsubstantiated rejection of the other rearrangement models proposed (Innan and
Nordberg 2002; McVean 2001). Secondly, statistical inferences often depend on
variables that are not always accurately predicted, thus decreasing the reproducibility of
this approach (Eyre-Walker and Awadalla 2001). Thirdly, the detection power of these
statistical methods is potentially minute, depending on the statistic implemented and the
recombination events themselves (Wiuf et al. 2001). This suggests that in comparisons
of highly divergent populations, recombination is considerably more difficult to detect
than previously assumed. Indeed, subsequent studies failed to support recombination
(Wiuf 2001), even when similar statistical approaches were applied (Elson et al. 2001),
and when identical datasets were used (Ingman et al. 2000). These potential pitfalls of
statistical approaches make it difficult to determine whether this evidence for
recombination is significant. This emphasises the importance of comparing recently
diverged mtDNA molecules when assessing recombination, as these are less likely to be
corrupted by the cumulative changes that will occur between more remotely related
mitochondrial genomes.
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1.4.3.3

Indirect evidence for recombination

Studies assessing the potential for mtDNA recombination to occur have also provided
indirect evidence of recombination, such as studies looking for the presence of
recombination intermediates, the interactions between mtDNA molecules from hybrid
cell lines, and the presence of enzymatic machinery associated with recombination
within mitochondria.

Evidence for the operation of recombination in animal mtDNA has also been reported
based on electrophoresis analysis of heart genomic DNA extracts. Analysis of the
interactions of mtDNA molecules by Kajander and colleagues (2001) lead to
observations of human mtDNA recombination intermediates in the form of 4-way
Holliday junctions. Holliday junctions are the intersection of two DNA strands (i.e. the
chiasma), where the strands cross over, and can break and rejoin at new positions.
Human heart tissue genomic DNA extracts were subject to two-dimensional neutralneutral agarose gel electrophoresis (2D-NAGE) and, using several different controls,
they concluded that the resolved structure was most likely a Holliday junction. This
observation is supported by a study by Zsurka et al. (2005) which analysed the mtDNA
of several humans possessing two mutations within the non-coding region of several
mtDNA molecules (i.e. that had heteroplasmic mtDNA). Using single-cell allelespecific PCR, they observed all four possible allelic combinations of the mutations,
suggesting the operation of recombination.

Analyses of human-mouse and human-rat hybrid somatic cell lines also found evidence
of recombinant molecules. Using these hybrid cell lines, Horak et al. (1974) purified
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mitochondrial extracts, probed these with radioactive RNA transcripts, and
subsequently used CsCl gradients to separate the human and rodent mtDNA molecules
and assess the density patterns of each. Using this approach they found that the human
and rodent mtDNA molecules from the hybrid cell lines failed to separate, suggesting
that mtDNA sequences of human and rodent origin were covalently linked. Such a
linkage could readily be explained by the operation of recombination. This study is in
contrast to that described above by Zuckerman et al. (1984) where they used the same
approach of creating mammalian hybrid cell lines to assess mtDNA recombination, but
found no evidence of recombination between the mammalian mtDNA molecules.

Further evidence for the operation of recombination was reported based on the presence
of recombination-associated enzymes in mitochondrial extracts. Thyagarajan and
colleagues (1996) detected the presence of enzymes in human mitochondrial protein
extracts capable of facilitating homologous recombination. Homologous plasmid DNA
molecules were incubated with human immortalised somatic cell mitochondrial protein
extracts in vitro. Sequence analysis detected recombination products containing a
mosaic arrangement of plasmid DNA fragments. Only the breaking and rejoining
mechanism of recombination could feasibly generate these. Using inhibitory antibodies,
they were also able to demonstrate that the recombinant activity required a homologue
of a strand-transferase protein in bacteria, which was also homologous to a protein
associated with recombinant-mediated chloroplast DNA repair (Cerutti et al. 1992). A
similar study by Lakshmipathy and Campbell (1999a) reported that rodent
mitochondrial extracts also contained the enzymes necessary for end-joining of plasmid
DNA molecules. Further supporting these observations, analysis of cDNA from the
human DNA ligase III gene identified that some transcripts encode an amphipathic helix
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within the molecule that is known to target proteins for transport to the mitochondrion
(Lakshmipathy and Campbell 1999b). These studies indicate that mammalian
mitochondria have the enzymes necessary for recombination to occur.

1.5 Metazoan mtDNA Inheritance
Maternal mtDNA inheritance is predominant in most metazoans, except in several
cnidarian mussels (Birky 2008; Zouros et al. 1994). Different mechanisms have evolved
that result in maternal mtDNA inheritance in different organisms, including exclusion
of paternal mitochondria from the zygote and degradation of paternal mitochondria (for
further description, see below) (White et al. 2008). It is hypothesised that this may be an
adaptation needed to avoid potentially lethal genome conflict that may occur if both
parental mtDNA molecules were inherited (Hurst and Hamilton 1992). In mammals,
and possibly other metazoans, the maternally inherited mtDNA is also regulated, by a
„mitochondrial bottleneck‟ (Jansen and de Boer 1998). This involves a decrease in the
number of mitochondria from several million (in the mother) to approximately 100 in
progenitor germ cells, with each germ cell containing only a few mtDNA molecules
(Shoubridge and Wai 2007). During development, the number of mitochondria
subsequently increases to 103-107 in oocytes (Jansen and de Boer 1998; Shoubridge and
Wai 2007). Thus, only a few maternal mtDNA molecules seed the expansion of the
entire mtDNA population in an individual (Bergstroma and Pritchard 1998; Wolff and
Gemmell 2008). This may be an adaptation to avoid the accumulation of deleterious
mutations in a species, as mtDNA typically accumulates mutations rapidly, which is
suggested to be a result of the oxidative environment within the mitochondrion (Allen
and Raven 1996; Gray 1989). This regulation of mtDNA inheritance further contributes
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to the homoplasmic state of mtDNA molecules in an individual (Rokas et al. 2003).
Alternately, maternal mtDNA inheritance may be a result of the need to exclude the
paternal mtDNA that may have been damaged by the exertive metabolic activity of the
sperm locomotion and entry in to the egg during conception (Allen 1996).

1.5.1 Mechanisms of mtDNA Inheritance
Metazoans have evolved different mechanisms of promoting maternal mtDNA
inheritance. For example, in mammals, the outer membrane of sperm mitochondria are
actively targeted for degradation by a ubiquitin marker (Thompson et al. 2003). This
marks the sperm mitochondria for proteolytic digestion once inside the zygote
(Sutovsky 2003). In tunicates, sperm mitochondria are excluded from the egg during
fertilisation (Wolff and Gemmell 2008). Further, the non-locomotive sperm of some
decapods lack mitochondria altogether (Stewart et al. 2010). Failing these exclusion and
elimination mechanisms, the paternal mtDNA is otherwise outnumbered by as much as
104:1 by maternal mtDNA (Hecht et al. 1984; Pikó and Taylor 1987; White et al. 2008).
Additionally, as cells divide during embryogenesis, mitochondria are randomly
segregated into the newly formed cells (Cree et al. 2008), with many of these cells
forming extraembryonic tissues (Wolff and Gemmell 2008). Thus, it is considered that
any paternal mtDNA inadvertently inherited and not subsequently destroyed is most
often diluted to insignificant proportions (Ankel-Simons and Cummins 1996; Birky
1995).
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1.5.2 Maternal mtDNA Inheritance
Several studies have aimed to assess the proportion of paternal mtDNA that may
circumvent the elimination or exclusion mechanisms described above. Prior to the
advent of PCR, the approach of these studies generally involved continuous
backcrossing with the male population in an effort to increase the proportion of paternal
mtDNA to detectable levels, with any maternal or paternal mtDNA present in the
progeny distinguished by restriction fragment length polymorphism (RFLP) analysis
(e.g. Hayashi et al. 1978; Hutchison et al. 1974). However, despite extensive
backcrossing, many of these studies found no evidence of paternal mtDNA, concluding
that either paternal mtDNA is not inherited, or it is inherited at undetectable proportions
(White et al. 2008). For example, in moths, 32P-labelled mtDNA RFLP patterns were
visualised by autoradiography after up to 91 backcrosses, using the mtDNA from 70100 pooled individuals. Paternal mtDNA was not detected in these moths, with the
detection limit of this technique suggested to be 0.004% per generation (i.e. 1 paternal
mtDNA molecule per 25,000 maternal mtDNA molecules) (Lansman et al. 1983). More
recently, in an Anopheles mosquito population backcrossed for 20 generations, PCRRFLP analysis was unable to detect paternal mtDNA in 50 progeny of these
backcrosses, indicating that the detection limit of this study was at least 0.1% per
generation (Oshaghi 2005). Further, in salmon, the presence of four polymorphisms
unique to the paternal mtDNA was assessed in 10,082 artificially fertilised embryos by
single nucleotide (nt) polymorphism analysis. No paternal mtDNA was detected,
suggesting that the maximum frequency of paternal mtDNA in this system was 0.05%
(Wolff et al. 2008).
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These studies describe evidence of maternal mtDNA inheritance, with no evidence of
paternal mtDNA inheritance. However, a theoretical binomial model of organelle
inheritance has predicted that to accurately conclude that the proportion of paternal
mtDNA is below 1%, sampling of at least 300 progeny with no detected paternal
mtDNA is required (Milligan 1992). Thus, paternal mtDNA leakage at frequencies
below 1% may be present in several of the above studies, though difficult to detect.

1.5.3 Paternal mtDNA Inheritance
Contrary to observations of maternal mtDNA inheritance in most metazoans, there have
been a number of reports of low levels of paternal mtDNA inheritance in conjunction
with maternal mtDNA (termed paternal leakage), in a broad range of metazoans. The
most direct evidence of paternal leakage is attained when the direct maternal and
paternal mtDNA sequences are characterised, the parental organisms can be seen to
hybridise, and the mitochondria of the progeny contain evidence of both maternal and
paternal mtDNA. Although such experiments are feasible in the laboratory, it is more
difficult to observe this in natural populations. Instead, indirect evidence for paternal
leakage is attained when the mtDNA of an individual is characterised, and has
homologous sequences to two different mitochondrial genomes from different
populations (Bentley et al. 2010). It is suggested that in these instances of indirect
evidence for paternal leakage, the two different populations had previously hybridised,
with mtDNA molecules inherited from both populations (i.e. one by paternal leakage),
most likely in an organism ancestral to the „hybrid‟ individual being characterised
(Ciborowski et al. 2007). For both direct and indirect evidence of paternal leakage, there
are two scenarios that may facilitate the detection of paternal mtDNA; either (i) the
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mtDNA population within a progeny have complete mtDNA molecules from both
parental organisms, allowing most detection approaches to successfully probe for
paternal mtDNA, or (ii) paternally inherited mtDNA sequences have recombined with
maternally inherited mtDNA sequences, creating a molecule that is a mosaic of
maternal and paternal mtDNA fragments within the progeny, which will only be
detected by some paternal mtDNA probes. With many experimental approaches, these
two scenarios cannot be differentiated because only a short mtDNA region is analysed.
Thus, the direct and indirect evidence for paternal leakage described below may refer to
either scenario, unless otherwise specified. (For further descriptions of paternal leakage,
also see Chapter 3).

1.5.3.1

Direct evidence

Direct evidence for paternal leakage has been observed in several metazoans. For
example, in flies, paternal leakage was observed after 10 intraspecific (within a species)
backcrosses using southern hybridisation analysis, which was capable of detecting up to
0.03% paternal mtDNA (Kondo et al. 1990). Further, paternal leakage was detected in
flies after single intraspecific and interspecific (between species) backcrosses using
PCR analysis, which was capable of detecting paternal mtDNA at 0.0001% (1:10-6
relative to maternal mtDNA) (Sherengul et al. 2006). In mice, paternal leakage was also
detected by PCR after 26 backcrosses, at a frequency of 0.01%, in all 20 individuals
analysed (Gyllensten et al. 1991). Paternal leakage was also detected by PCR in cicadas
after single interspecific crosses, despite the detection system estimated to be sensitive
only up to 1% and 5% paternal mtDNA (depending on the cross) (Fontaine et al. 2007).
In a human case study, a range of sequencing and labelling techniques were used to
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determine that paternal mtDNA comprised 90% of the total mtDNA population in the
muscle of the patient with a myopathy (Schwartz and Vissing 2002).

In several studies, paternal leakage has also been observed in F1 hybrids during early
developmental stages, but subsequently decreased in proportion relative to the maternal
mtDNA and/or was absent at later developmental stages, supporting the suggestion that
paternal mtDNA is degraded after fertilisation (Sutovsky 2003). For example, in the
honey bee, Apis mellifera, two subspecies were crossed and the progeny screened for
the presence of paternal mtDNA using hybridisation probes. Paternal mtDNA accounted
for 27% of the mtDNA population initially, however this decreased gradually until
undetectable in the fifth larval stage (Meusel and Moritz 1993). In mice, the proportions
of paternal mtDNA relative to maternal mtDNA were also reported to decrease with
development (Kaneda et al. 1995; Shitara et al. 1998), with the detection system used by
Shitara et al. (1998) able to detect paternal mtDNA at 1:10-8 (0.000001%) relative to
maternal mtDNA.

1.5.3.2

Indirect evidence

Indirect evidence of paternal leakage has been observed in several natural populations.
For example, the mtDNA of a great tit (Parus major) had two distinct mtDNA control
regions present, which each resembled the mtDNA of a different population.
Amplification primers were designed specific to the control region for each of these two
different populations. Both primer pairs were able to amplify mtDNA in this individual,
with sequence data further supporting that the mtDNA was heteroplasmic (Kvist et al.
2003). In an anchovy, mtDNA heteroplasmy was also reported following RFLP analysis
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of the mtDNA of 435 individuals using a sardine 32P-labelled mtDNA probe. Two
predominant mtDNA restriction patterns were observed. However, three individuals had
evidence of both restriction patterns, suggesting that paternal leakage may have caused
the observed heteroplasmy. In this study, paternal mtDNA could be detected at a
frequency of 0.2% of individuals (Magoulas and Zouros 1993). Complete sequencing of
the mitochondrial genome of a lizard (Ujvari et al. 2007) and a salmon (Ciborowski et
al. 2007) identified mtDNA genotypes (mitotypes) previously uncharacterised. These
new mitotypes were reported as evidence of paternal leakage. Comparison of these new
mitotypes with those of other species or populations identified homologous regions
between the newly identified mitotype and the mtDNA of other species or populations,
suggesting that paternal leakage and past recombination have occurred in an ancestral
organism may have created the new mitotype.

Indirect evidence of paternal leakage has also been reported for several experimentallyestablished hybrid populations, including a population of hybrid carp (Guo et al. 2006)
and silkmoths (Arunkumar et al. 2006). In these studies, mtDNA analyses revealed new
mtDNA mitotypes. Both the sequence analysis in the carp and the phylogenetic analysis
in the silkmoths demonstrated that the new mitotypes were more genetically similar to
mtDNA of the paternal population than to that of the maternal population. This
suggested that paternal leakage, in conjunction with past mtDNA recombination, or
other mutational mechanisms, may have produced the new mitotypes observed.

The formation of new mitotypes through paternal leakage and recombination implies
the occurrence of two phenomena typically considered absent in animal mtDNA (Rokas
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et al. 2003). However, few studies have directly assessed the mechanisms underlying
paternal leakage and recombination or how these two phenomena impact one another.

1.6 mtDNA Recombination and Paternal Leakage
Paternal leakage creates a heteroplasmic environment in which the products of
recombination are detectable as mosaics of the differing progenitor molecules. Thus,
instances of recombination may be correlated with instances of paternal leakage.
However, it should be noted that it may be easier to demonstrate recombination and
paternal leakage when the progenitor mtDNA molecules are more divergent, as the
mtDNA sequences of maternal or paternal origin are more easily distinguished. It has
been speculated that paternal leakage may be more likely in the contact zones of
hybridising organisms (termed hybrid zones; see Fig. 1.6); i.e. where divergent
organisms interbreed (Xu 2005). Many of the examples of paternal leakage described in
section 1.5.3 are from the progeny of experimental crosses of different, but closely
related species (e.g. Fontaine et al. 2007; Sherengul et al. 2006). These experiments
mimic the reproductive situations that may occur within a hybrid zone, with genetically
divergent organisms hybridising. Further, it is suggested that these hybrid zones may be
associated with mtDNA recombination (Saville et al. 1998). Supporting these
suggestions, many examples of direct and indirect evidence for paternal leakage imply
that two genetically divergent organisms have hybridised, resulting in paternal leakage
and the subsequent formation of new mitotypes (e.g. Ciborowski et al. 2007; Kvist et al.
2003; Ujvari et al. 2007). However, it is unclear if these reports are indicative of the
increased ability to detect both mtDNA recombination and paternal leakage, or of an
increased frequency of the phenomena themselves.
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Figure 1.6 Schematic of a hybrid zone, where the habitats of genetically divergent populations (or
species) A and B overlap and these populations are capable of reproducing with one another.

1.7 Significance of mtDNA Recombination and Paternal Leakage
Mitochondrial genomes are utilised in many biological applications, including
phylogenetics, population genetics, conservation biology, systematics, forensics and
medicine. Thus, there is a fundamental need to understand the mechanisms of mtDNA
evolution. Phenomena such as paternal leakage and recombination can cause significant
genetic changes. By understanding the mechanisms by which they occur, the mutations
they cause may be accounted for.

1.7.1 mtDNA in Phylogenetics and Population Genetics
Failing to account for paternal leakage and recombination may have significant
implications for studies of phylogenetics and population genetics that use animal
mtDNA. For example, rates of evolution based on estimates of a molecular clock (i.e. a
linear rate of evolution) will be inaccurate if paternal leakage or recombination have
occurred (Wolff and Gemmell 2008). Similarly, estimates of gene flow have been
shown to be inaccurate when paternal leakage has occurred (Chapman et al. 1982;
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Takahata and Maruyama 1981). Computer simulation analyses have predicted that rare
occurrences of recombination may have minimal effects on phylogenetic tree
reconstruction, but may result in inadequate prediction of the timing of convergent
evolutionary events (McVean 2001; Schierup and Hein 2000). It has further been
suggested that evolutionary analyses that fail to identify recombination in a population
will generate trees resembling populations experiencing exponential growth. This may
result in an overestimate in the length of the overall tree, and more specifically in the
length of the terminal branches. This can result in an underestimate of the evolutionary
distance since the last common ancestor, or may incorrectly disregard evidence of a
molecular clock (Rokas et al. 2003). Other studies have reported more substantial
consequences, stating that recombination can potentially skew comparative alignments,
resulting in incorrect phylogenetic inference (Lavrov and Brown 2001). Although these
studies are primarily based on simulations, they all concur that significant levels of
recombination with or without paternal leakage are likely to impact on the conclusions
drawn from studies of phylogenetics, population genetics and phylogeography.

1.7.2 mtDNA in Conservation, Taxonomy, Forensics and Medicine
As well as directly impacting phylogenetic inference and population genetic analyses,
significant mtDNA mutational events such as paternal leakage and recombination can
also impact other areas of biology. Many conservation and biodiversity studies utilise
mtDNA to observe gene flow and population dynamics. For example, Robertson and
colleagues (2007) amplified the mtDNA control region of multiple populations of an
endangered duck species for analysis of the population genetic structure. This analysis
was used to devise several species management strategies to promote sustainable
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breeding of these populations. If either paternal leakage or recombination influenced the
mtDNA evolution of this duck species and were not accounted for in this analysis, then
the management strategy developed may be inadequate. Further, taxonomists use
mtDNA for diagnostics and systematics. For example, the „DNA barcode‟ proposed as a
universal marker for use as an identification „fingerprint‟ for all species was a mtDNA
region within the COI gene (Hebert et al. 2003). mtDNA is also used in studies of social
dynamics, such as analysis of migratory behaviour (e.g. Bass et al. 1996). mtDNA is
used extensively in forensic identity testing, primarily because it is multicopy, allowing
amplifications of mtDNA from very small amounts of biological material, or from
partially degraded mtDNA (Budowle et al. 2003). Further, many genetic diseases,
particularly myopathies, are associated with mtDNA mutations, as the products of most
mtDNA genes form part of the electron transport chain, the primary source of energy
production in metazoans. Such diseases include MELAS (mitochondrial
encephalomyopathy with lactic acidosis and stroke-like episode), and Pearson‟s disease
(sideroblastic anaemia with liver and pancreatic dysfunction), as well as many more.
For some of these diseases, the genetic correlation involves very few nucleotide
substitutions or indels, while for others, there is evidence of large mtDNA deletions and
rearrangements associated with these diseases (for a review, see Simon and Johns
1999). Thus, by understanding the mechanisms underlying mtDNA mutations, further
understanding can be attained regarding mtDNA inheritance, phylogenetics, population
genetics, forensics, and genetic disease.
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1.8 Model Organisms for the Investigation of Paternal Leakage
and Recombination in mtDNA
A range of studies have presented convincing evidence for paternal leakage and
recombination in metazoan mitochondrial genomes. However, these are typically
sporadic observations, with few studies manipulating the biological system in which
paternal leakage and recombination are occurring in order to study the underlying
dynamics. This is particularly true for studies of mtDNA recombination, in part due to
the lack of suitable model organisms. The typically homoplasmic mtDNA population in
metazoans means that no robust methods for the detection of recombination can be
employed. Thus, for investigating the mechanisms of paternal leakage and
recombination in mtDNA, model organisms that have heteroplasmic mtDNA are more
appropriate (Rokas et al. 2003). However, where paternal leakage has been reported,
paternal mtDNA is typically outnumbered 104:1 by maternal mtDNA (Hecht et al. 1984;
Pikó and Taylor 1987; White et al. 2008); this is impractical for mtDNA manipulation
experiments. A potential model system for studying recombination is within the
freshwater mussels that have doubly-uniparental inheritance of mtDNA (Zouros et al.
1994). In this organism the maternal and paternal mtDNA molecules are both inherited,
and are significantly different (20%), though failed reproductive segregation and
subsequent cross-breeding can result in these molecules being more genetically similar
within an individual (Hoeh et al. 1997). Several studies have reported evidence for
recombination in this model organism (Burzynski et al. 2003; Ladoukakis et al. 2011;
Ladoukakis and Zouros 2001a). However, any information deduced from analysis of
mtDNA mechanisms in these mussels may not be reflective of typical mtDNA systems
where mtDNA is primarily maternally inherited.
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1.8.1 Globodera pallida as a Model System
The mtDNA of the nematode, Globodera pallida provides a heteroplasmic mtDNA
system, in which the incidence and mechanisms of paternal leakage and recombination
in mtDNA can be studied. The mtDNA of G. pallida is multipartite, consisting of at
least six scmtDNA (for small circular mtDNA) molecules ranging from 6.4-9.4 kb, with
large multigenic fragments present on multiple minicircles (Fig. 1.5). A conserved noncoding region was identified on all six scmtDNA molecules, suggesting derivation from
a common mtDNA molecule. The presence of this non-coding region also suggests that
each scmtDNA may autonomously replicate and be transcribed to produce the 36-37
gene products normally encoded by the metazoan mtDNA. This overlapping
organisation of both coding and non-coding fragments permits homologous
recombination between these scmtDNA molecules. Further, the sequences of the
minicircles that are unique to each scmtDNA enable detection of the products of
recombination, as the progenitor molecules are easily distinguished. Evidence of past
recombination has previously been reported in this system (Armstrong et al. 2007;
Gibson et al. 2007b), suggesting that it may be a model system in which recombination
in mtDNA may be readily detected. Additionally, in nematodes, mtDNA inheritance is
thought to be predominantly maternal. This assumption is based on an a study by
Anderson et al. (1995), where paternal mtDNA was not detected in 125 larval progeny
of Ascaris suum hybrids. However, the RFLP analysis method used was reported to be
unable to detect paternal mtDNA at a frequency of <5% relative to maternal mtDNA.
Further studies are needed to confirm that mtDNA inheritance in all nematodes is
predominantly from the mother.
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The use of this cyst-forming nematode as a model system is also favoured due to its
ease of handling and manipulation (the nematodes are less than 1 mm long), the short
generation cycle of G. pallida (up to 3 months) (Evans and Stone 1977), and the level of
mtDNA variability between G. pallida populations (Armstrong et al. 2007). The
stability of this multipartite mitochondrial genome has been assessed in several
European and South American populations, including Gourdie, Luffness, Lindley, P4A
and P5A, with the different scmtDNA molecules abundant in different populations
(Armstrong et al. 2007). While scmtDNAs I and III were absent in several populations,
scmtDNA IV was detected in all populations, using both RFLP and Southern
hybridisation approaches. Thus, scmtDNA IV appears to be the most evolutionarily
stable of these minicircles, and may be suitable for studying interpopulation genetic
interactions. The use of G. pallida as a model system for studying mtDNA also has
applications beyond advancing our understanding of mtDNA evolutionary dynamics.
Cyst-forming nematodes are significant economic pests; causing billions of dollars in
losses to the agricultural industry annually. Further understanding of the biology,
distribution, phylogenetics, and pathotypes of cyst-forming nematodes can assist with
developing prevention and treatment strategies. mtDNA analysis of these nematodes
thus has both basic and applied research applications.

1.9 Cyst-Forming Nematodes
Nematodes of the order Tylenchida, primarily parasitise plants, and have vastly
different life cycles and methods of parasitism. The order includes endo- and
ectoparasites that infect all types of plant organs and parasitise a broad range of hosts.
Thus, there are many diverse species within this order, the classification of which is
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controversial. There are four suborders identified by Siddiqi (2000); Tylenchina,
Hoplolaimina, Criconematina and Hexatylina. The cyst-forming nematodes belong to
the Heteroderidae family within the Hoplolaimina suborder. However, this suborder
also includes non-cyst-forming nematodes, such as those of the Hoplolaimidae family
and the root-knot nematodes of the Meloidogynidae family (Fig. 1.7). While most
tylenchid nematodes cause agricultural losses, the cyst-forming nematodes are some of
the most economically devastating (Subbotin et al. 2001). There are approximately 19
genera within the Heteroderidae, of which seven are cyst-forming nematodes that
belong to two subfamilies; the Heteroderinae subfamily, including the Afenestrata and
Heterodera genera, and the Punctoderinae subfamily, including the Betulodera,
Cactodera, Dolichodera, Globodera and Punctodera genera (Fig. 1.7) (Siddiqi 2000;
Sturhan 2002). The two most economically important of these are the Heterodera and
Globodera genera (Lilley et al. 2005), with the Heterodera genus containing the
majority of the cyst-forming nematodes (Siddiqi 2000). Consequently, much research
has focused on these cyst-forming nematodes; elucidating their life cycles, distribution,
phylogenetics, pathogenicity, and economic impact in order to develop prevention and
treatment methods. As the research presented in this thesis is primarily based on
Globodera pallida, and to a lesser extent on Heterodera species, much of the
descriptions in the following sections will focus on G. pallida.
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Subfamily
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Tylenchina
Criconematina
Hexatylina
Tylenchida

Meloidogynidae
Hoplolaimidae
Non cyst-forming
nematodes

Hoplolaimina
Heteroderidae

Punctoderinae
Cyst-forming
nematodes
Heteroderinae

Beulodera
Cactodera
Dolichodera
Globodera
Punctodera
Afenestrata
Heterodera

Figure 1.7 Taxonomical organisations of the cyst-forming nematodes, also showing examples of several
related suborders and families.
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1.9.1 Biology
Cyst-forming nematodes are obligatory endoparasites of plants, and have both a
parasitic and free-living life stage (Fig. 1.8). They are minute animals, with vermiform
adult males approximately 1 mm in length (Evans and Stone 1977), cysts approximately
0.5 mm in diameter (Siddiqi 2000), and eggs approximately 44 μm in diameter (LopezLlorca and Robertson 1993). Each cyst contains over 200 eggs (Janssen et al. 1987)
which will hatch within the soil as second stage juveniles (J2s), often in response to root
exudates (Forrest and Farrer 1983). J2s are the infective stage, and migrate through the
soil towards a host plant, responding to the conditions of the environment surrounding
the plant root, including pH, carbon dioxide, sugar and amino acid gradients (Perry
1997). The J2s use a pointed mouth stylet to penetrate the root near the growing point –
the lateral root. The J2s migrate through plant cell walls, often causing necrosis of the
cells, through the cortical tissue and towards the vascular cylinder. The exterior of plant
parasitic nematodes are coated in proteins that may protect them from the defence
responses of their hosts (Robertson et al. 2000). Once the nematode is stationary, three
pharyngeal glands (one dorsal and two subventral) release secretions that induce
multiple plant cells to redifferentiate into a single, large, multinucleated and highly
metabolic feeding cell, termed a syncytium. This is formed by cell wall dissolution
followed by cell fusion (Williamson 1999). The syncytium acts as a nutrient sink (Lilley
et al. 2005). Cyst-forming nematodes are unable to synthesise sterols themselves, and
during maturation rely on a plant host to provide phytosterols for metabolism
(Chitwood and Lusby 1991). The nematode usually feeds at this site for 3-6 weeks
(Williamson 1999), though this can continue for up to three months (Evans and Stone
1977). During this time, the juvenile nematode undergoes three moults (J2, J3, J4)
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plant root after the
female dies
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♀
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♂
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J4

Mature male
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Male exits the root and
migrates through the soil
towards a female

Figure 1.8 Life cycle of cyst-forming nematodes. Adapted from Evans and Stone (1977).
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before reaching the adult stage (Evans and Stone 1977). The sex of each individual will
depend on the infestation levels and environmental conditions, and is not apparent until
the end of the second juvenile stage. If the infestation is severe or if feeding conditions
are not favourable, more nematodes will become males (Grundler et al. 1991). Males
regain locomotion and will exit the plant root. Females remain sedentary and continue
to feed, becoming enlarged and globular, and eventually protruding from the plant root,
such that the vulva of the female is exposed on the surface of the root (Lilley et al.
2005). Some females secreting sex pheromones to attract males (Jaffe et al. 1989). Most
species of cyst-forming nematodes are amphimictic, requiring fertilisation for
reproduction (Evans and Stone 1977). Once fertilisation occurs, the posterior of the
female hardens and darkens to form a protective cyst which eventually detaches from
the plant root after the female dies. The eggs within the cyst develop to second stage
juveniles, subsequently entering diapause, where they cease maturating until the cyst is
exposed to a stimulus. These cysts can remain viable in the soil for up to 10 years
(Picard et al. 2004), with increased diapauses shown to increase hatchability (Janssen et
al. 1987). Multiplication rates of cyst-forming nematodes are high, with 60-80% of eggs
typically hatching from each cyst (Evans and Stone 1977).

1.9.2 Distribution
Infestations of species of either Globodera or Heterodera genera are often localised to
one region, most likely a result of the minimal dispersal capabilities of the cyst-forming
nematodes. Regardless, their distributions are extensive. For example, G. pallida and G.
rostochiensis are prolific in the UK, Europe, and the west coast of South America, are
also present at substantial levels in New Zealand, India, and northern Africa, and, to a
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lesser extent, in Canada. Populations of PCN are more diverse in their country of origin,
South America; with other global distributions the result of introductions of limited
gene pools. G. rostochiensis is more widespread than G. pallida, with evidence of G.
rostochiensis introductions reported more frequently in South Africa, Australia, the
Russian Federation, Mexico, South East Asia and Japan (Evans and Stone 1977).
However, in the USA and Australia, G. pallida has typically been considered either
absent or rare (Hafez and Sundararaj 2007), until it was observed in Idaho in 2006
(Hafez and Sundararaj 2007; Skantar et al. 2007). Further, Heterodera cajani (a parasite
of pulses) and Heterodera zeae (a parasite of maize) cause major crop losses in India
(Evans and Rowe 1998), as does Heterodera avenae, a parasite of wheat, barley and
cereals. H. avenae is also endemic in Australia and other countries (Rivoal and Cook
1993).

1.9.3 Phylogenetics and Pathotypes
Analysis of the evolutionary relationships (phylogenetics) and analysis of the
pathogenic mechanisms (pathotype analysis) of cyst-forming nematodes can assist in
understanding the spread of these nematodes. This can contribute to developing
quarantine strategies to prevent further dispersal. Nematodes have few morphological
characteristics that can be used as species or population markers (Criscione et al. 2005).
As such, other methods are employed for evolutionary analysis, including phylogenetics
(employing molecular markers); phylogeographic analysis using the geographical
distribution of the nematode to predict its evolution (Picard et al. 2007); and analysis of
host-parasite relationships – comparing the genetic and morphological evolution of the
host plant or its distribution with that of the parasitic nematode in order to predict the
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evolution of the nematode (Criscione et al. 2005; Nieberding et al. 2004). Phylogenetics
has become a standard approach for the evolutionary analysis of cyst-forming
nematodes, with more studies utilising nuclear and mitochondrial DNA markers than
protein markers. Commonly used markers for cyst-forming nematodes include (but are
not limited to) microsatellites, the nuclear internal transcribed spacer (ITS) region and
the mitochondrial Cytb gene. (Descriptions of these molecular markers are given below,
and examples of the application of these markers are described in Chapter 4).

Microsatellites are short tandem repeats of 2-4 bp which form repetitive elements
present at multiple loci within the nuclear genome. Variations in the number of
repetitive elements within microsatellites are used as genetic markers. These regions are
usually non-coding, and thus have a high rate of mutation, making them useful as
markers for evolutionary analysis of recently diverged organisms (Ellegren 2004).
However, different loci can have different rates of mutation, which may interfere with
phylogenetic analyses, particularly for time scale estimates (Ellegren 2004).

The ITS region is an approximately 1 kb nuclear DNA region between (and including
part of) the 18S and 28S rRNA genes. Between these genes are two non-coding, highly
variable internal transcribed spacer regions (ITS1 and ITS2), and between ITS1 and
ITS2 is a small ribosomal subunit, 5.8S. This region is useful as a molecular marker
primarily due to the ITS1 and ITS2 regions being non-coding, and thus accumulating
mutations rapidly. The ITS region is also multicopy within the nuclear genome, and
thus able to be amplified easily, even from small genomic DNA samples, such as
individual nematodes (Subbotin et al. 2001). Both DNA sequencing and RFLP analysis
of the ITS region have been used for phylogenetic analysis of cyst-forming nematodes
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(e.g. Blok et al. 1998; Ferris et al. 1995; Grenier et al. 2001; Picard et al. 2008;
Pylypenko et al. 2005; Subbotin et al. 2000; Subbotin et al. 2001).

Cytb is a protein encoded by the mitochondrial genome that is a component of the
electron transport chain. mtDNA typically has a higher rate of mutation than that of
nuclear DNA, and thus, is a useful molecular marker for assessing recent evolutionary
relationships. Several studies have used the Cytb gene for both intra- and inter-species
evolutionary analysis of the cyst-forming nematodes (e.g. Madani et al. 2010; Plantard
et al. 2008; Pylypenko et al. 2008).

Other potential molecular markers for cyst-forming nematodes include pathogenicity
factors. Cyst-forming nematodes demonstrate a broad range of virulence on different
hosts (Phillips and Trudgill 1998). Thus, pathogenicity genes are likely to differ
between nematodes with varying virulence. These differences may provide useful
genetic markers for phylogenetic analyses. The generally accepted, though
controversial, categorisation of these pathotypes follows two schemes: (i) the
International Pathotype Scheme (Kort et al. 1977), which, in Europe, recognises three
pathotypes within G. pallida and five within G. rostochiensis; and (ii) the Latin
American Scheme (Canto Saenz and De Scurrah 1977), which, in South America,
recognises seven pathotypes within G. pallida and four within G. rostochiensis. A
potential pathogenicity marker, for example, is the rbp-1 gene, a homologue of the gene
RanBPM (Ras-related nuclear protein binding protein to microtubules), which codes
for a guanosine triphosphate (GTP)-binding protein involved in cytoskeleton
organisation and signal transduction. The protein produced by this gene (denoted the
A18 factor) was identified in G. rostochiensis by Qin et al. (2000) using an approach
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aimed at specifically isolating pathogenicity factors. This approach targeted proteins
secreted from the dorsal and subventral pharyngeal glands that were predominantly
expressed during the infective life stage (J2), and that were preceded by a signal peptide
for secretion. It has been hypothesised that the A18 factor may be involved in altering
the organisation of the developing syncytium during infection (Qin et al. 2002).
Transcriptome analysis of G. pallida identified a cDNA (complementary DNA)
sequence (denoted GPLIC5) homologous to this A18 factor (Grenier et al. 2002).
Subsequently, this gene was named rbp-1, and the cDNA of this gene characterised
from multiple G. pallida populations (Blanchard et al. 2005). Computer-generated
predicted translation products from these cDNA sequences indicated substantial
variation between populations, such that this rbp-1 gene may be a useful molecular
marker for G. pallida populations. (The application of this marker is described in
Chapter 4). However, there has been no clear correlation reported between pathotype
and population identity in these nematodes (Phillips and Trudgill 1998). Consequently,
although pathogenicity factors may be potential virulence markers and assist in
developing effective prevention and treatment strategies for cyst-forming nematodes,
their use as population markers needs to be critically assessed.

1.9.4 Economically Important Agricultural Parasites
Cyst-forming nematodes are significant agricultural pests. Nematodes of the Heterodera
genus parasitise a broad range of hosts, including soybean, sugar beet, cereals, pea, rice
or carrot, while species of the Globodera genus only parasitise potato and other
Solanum spp. (Lilley et al. 2005). These products are in high demand globally, thus the
economic impact of plant parasites is significant. For example, 64% of English and
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Welsh potato fields are infected with Globodera nematodes (Minnis et al. 2002),
costing the UK approximately £80 million annually (Haydock and Evans 1998). Global
losses from Globodera infestations are estimated at £300 million annually (Mulholland
et al. 1996), while global losses from the soybean cyst nematode, Heterodera glycines,
were estimated at £1960 million in 1998 (Wrather et al. 2001). Further, losses resulting
from infestations of the sugar beet cyst nematode, Heterodera schachtii, cost the
European Union approximately £95 million annually (Muller 1999). By understanding
their infection and dispersal modes these costs could be reduced significantly.
Alternatively, if prevention and treatment procedures are not employed, these costs
could escalate (Hodda and Cook 2009).

1.9.5 Prevention
For the few countries that do not have infestations of cyst-forming nematodes, or for
those that only have a few species, prevention of further introductions has the potential
to save billions of dollars. For example, G. pallida is thus far only present in Idaho in
the USA and is not yet a pest of Australia. If further introductions occur, the yield loss
may be up to 38% and 63% for infestations measured at 55 and 121 eggs and juveniles
per gram of soil, respectively (Pylypenko 1999). Considering that hundreds of juveniles
hatch from a single cyst, and that the U.S. potato industry is worth US$3.2 billion
(National Agricultural Statistics Service 2009), and the Australian potato industry is
worth approximately AUD$500 million (Andow et al. 1990), the potential losses to
each industry in yields alone can be estimated at US$1.2-2 billion and AUD$190-315
million, respectively. Thus, effective quarantine regulations and species identifications
are necessary, as well as methods for preventing their spread to uninfected fields.
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1.9.5.1

Quarantine and diagnostics

Over 100 countries employ strict quarantine regulations to limit the spread of cystforming nematodes, particularly of the genus Globodera (Lehman 2004). In the USA
and Europe these methods include internally limiting the transport of matter that may
contain cyst-forming nematodes, such as potato tubers (Picard et al. 2004), while in the
Ukraine, routine soil sampling is performed (Pylypenko et al. 2005) using the method of
Fenwick (Fenwick 1940). Sampling enables the presence of cyst-forming nematodes to
be evaluated. However, regular sampling is crucial, and sampling approaches are not
always reliable. Additionally, further analysis is essential to determine the identity of
the species present. This is essential to establish whether a detected species is already
endemic to a region or poses a new agricultural threat. As there are few morphological
characteristics that can be used to distinguish cyst-forming nematode species, and
specialist taxonomists are rare, molecular markers are the most accessible method for
identification. A range of molecular analysis methods have been adopted for species
identifications of cyst-forming nematodes. These include comparative analysis of two
dimensional neutral-neutral gel electrophoresis (2D-NAGE) protein profiles, isoelectric
focusing (IEF) protein patterns, enzyme-linked immunosorbent assay (ELISA), and
PCR techniques, such as randomly amplified polymorphic DNA (RAPD)-PCR (Bulman
and Marshall 1997; Fleming et al. 1998; Ibrahim et al. 2001; Mulholland et al. 1996;
Szalanskj et al. 1997), and quantitative real-time PCR (Madani et al. 2005). However,
regardless of the quarantine measures in place, it is difficult to prevent the spread of
cyst-forming nematodes, particularly to adjacent fields.
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1.9.5.2

Resistant cultivars

Some plants have demonstrated a natural resistance to cyst-forming nematodes (Starr et
al. 2002), whereby nematode reproduction is reduced, though not usually eliminated.
These resistant plants have been isolated, not only for breeding programs, but also for
research into the genetic factors behind resistance, such as the identification of
resistance genes. The proteins produced by resistance genes typically interact either
directly or indirectly with a counterpart pathogenic protein produced by an avirulence
gene in the nematode, initiating the defence response in the plant (Lilley et al. 2005).
This may involve preventing initiation of the syncytium, necrosis of the cells
surrounding the syncytium, or necrosis of the syncytium itself (Williamson 1999).
Isolation of plant resistance genes may allow for the breeding of resistant cultivars using
marker aided selection, or the production of transgenic cultivars that are resistant to
multiple pathotypes of cyst-forming nematodes. Several candidate genes have been
isolated (Cai et al. 1997; Ernst et al. 2002; Paal et al. 2004; van Der Vossen et al. 2000).
Resistant cultivars have the potential to save billions of dollars in yield losses. Using the
example described above, where infestations measured at 55 and 121 eggs per gram of
soil have the potential to cause 38% and 63% yield loses, respectively, the
implementation of resistant cultivars may decrease these losses to 3% and 17%,
respectively (Pylypenko 1999). This has the potential to save the potato industry
US$1.6 billion in the USA and AUD$230 million in Australia.

However, there are several problems regarding the use of resistant cultivars. For
example, integration of the resistance gene into the plant population is a long process.
There are often many pathotypes of a pest species, such that not all resistance genes will
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be effective, and the resistance conferred may be only partial (Meagher and Rooney
1966). In fact, comparisons of the number of cysts collected following standardised
infections of G. pallida (i.e. reproduction rates) on varying host plants relative to a
control host plant indicated that virulence in a natural nematode population can vary
from 4-85% (Phillips and Trudgill 1998). Further, resistance-breaking pathotypes have
emerged, decreasing the effectiveness of resistant cultivars as a control for plant
parasitic nematodes (Castagnone-Sereno 2002). Although some resistance genes have
been highly effective, these have also proved to be highly selective for specific species.
For example, the H1 gene, which was rapidly introduced into potato cultivars, is highly
effective on G. rostochiensis. However, this has meant that other PCN species have less
competition for a host, resulting in a predominance of G. pallida (Ernst et al. 2002).

1.9.6 Treatment
The only symptoms for infestations of cyst-forming nematodes are decreased yields,
stunted growth, and the appearance of cysts on the plant roots, with females apparent
after many weeks of infestation. There is no approved method to completely eradicate
cyst-forming nematodes once an infestation is identified. The most effective methods
employ an integrated approach involving the use of chemical controls (nematicides),
crop rotations with non-hosts, as well as the use of resistant cultivars.

1.9.6.1

Nematicides and crop rotations

Nematicides are some of the most toxic pesticides available. In the 1940s substantial
yield increases were reported following the implementation of D-D (a composite of 1,355

dichloropropene and 1,2-dichloropropane) as a nematicide. Many other toxic chemicals
have since been used, including halogenated compounds, hydrocarbons, carbamates and
organophosphates, most of which have since been reported as posing significant risks to
the environment, as well as to other metazoans. This has resulted in the prohibition of
most nematicides in several countries (e.g. USA and Switzerland) (Picard et al. 2004;
Williamson 1999). Some nematicides are still available, such as oxamyl (Vydate) and
fosthiazate (Nemathorin). However, the use of these may not be economically
sustainable, as the costs associated with nematicides may total up to 50% of the total
crop production costs (Lilley et al. 2005).

Another control measure aimed at keeping infestation counts low is the implementation
of crop rotations; where the crop grown in a field is periodically altered (e.g. Meagher
and Rooney 1966). Although the cyst-forming nematodes parasitise a broad range of
host plants, individual species typically have only a narrow host range. Thus, by
frequently changing the crop being cultivated in a field, the infestation does not reach
devastating levels, as most parasites fail to reproduce on foreign hosts. However, the
protective cyst wall of these nematodes allows cysts of some species to remain viable in
the soil for up to 20 years (Picard et al. 2004). This means long crop rotations are
needed (Phillips and Trudgill 1998) before population levels naturally decline. For
example, usually 5-6 years is sufficient to keep Globodera population numbers low
(Evans and Stone 1977). However, often this is unfeasible as either the environmental
or economic conditions do not favour cultivation of a broad range of crops, or the
farmers are not proficient in the techniques of cultivating and harvesting such a broad
range of crops (Lilley et al. 2005).
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The lack of adequate treatment approaches for eradicating PCN signifies the need for
effective prevention and detection methods. By further understanding the biology of the
cyst-forming nematodes, more targeted detection, prevention and treatment methods can
be developed to control these parasites. Analyses of the mitochondrial genomes of the
cyst-forming nematodes may provide a useful source of genetic markers for both
diagnostic and phylogenetic applications, as well as contribute to understanding the
biology of these parasites.

1.10 mtDNA of Cyst-Forming Nematodes
The mitochondrial genomes of nematodes are similar to those of other metazoans (see
section 1.3) in that they have the same mtDNA gene complement of 22 tRNAs, 2
rRNAs, but have only 12 protein-coding genes, as they typically lack the ATPase 8 gene
(Hu and Gasser 2006) (for an exception, see Lavrov and Brown 2001). Nematode
mtDNA molecules are typically single, circular DNA molecules of ~14 kb, often
smaller than that of other most animals (Hu and Gasser 2006). Their tRNAs commonly
have an unusual secondary structure compared with other metazoans, with a TVreplacement loop instead of the usual TψC arm (Hu and Gasser 2006). Unorthodox start
codons are also a common feature of protein-coding genes in the mtDNA of nematodes
(Okimoto et al. 1992). Of the tylenchid nematodes, the complete mtDNA sequence has
only been reported for a burrowing nematode, Radopholus similis (Jacob et al. 2009).
Several partial or near-complete nematode mtDNA molecules have also been reported,
including that of M. javanica (Okimoto et al. 1991), H. glycines (T. Gibson, pers.
comm.), G. pallida (Armstrong et al. 2000; Gibson et al. 2007b), and G. rostochiensis
(Gibson et al. 2007a; Riepsamen et al. 2008). The mtDNA molecules of M. javanica (a
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root-knot nematode of the Meloidogynidae family) and H. glycines have similar
structures and organisations to that of other nematodes, except that they both have long
non-coding regions, with the mtDNA molecules estimated to be approximately 20.5 kb
and 23 kb, respectively (Okimoto et al. 1991; Radice et al. 1988). However, the mtDNA
of G. pallida was reported to be multipartite, consisting of at least six scmtDNA
molecules, with an overlapping genetic organisation between some scmtDNA
molecules (Armstrong et al. 2000; Gibson et al. 2007b). This multipartite organisation
appears also to be present in G. rostochiensis, as it also has scmtDNA molecules
present, which have similar gene organisation to G. pallida (Gibson et al. 2007a;
Riepsamen et al. 2008). This overlapping genetic organisation results in multiple nearidentical copies of a gene or gene regions being present in an individual. Analysis of
these genes sequences from the mtDNA molecules of G. pallida and G. rostochiensis
identified two unusual features; (i) pseudogenes, and (ii) polythymidine [poly(T)] length
variation (Gibson et al. 2007b; Riepsamen et al. 2008).

1.10.1 Pseudogenes in Globodera mtDNA
Many of the protein-coding genes in the mtDNA of G. pallida (Gibson et al. 2007b) and
that of G. rostochiensis (Gibson et al. 2007a; Riepsamen et al. 2008) contain premature
stop codons when translated by computer-assisted algorithms, and thus do not appear to
code for functional gene products (termed pseudogenes). It has been proposed that when
a gene is duplicated, the selective pressures on one gene copy is reduced, resulting in
the accumulation of mutations (Macey et al. 1997a). Thus, unless the duplication is a
recent event, or gene conversion is occurring, the gene copies are typically genetically
divergent. Some gene copies in G. rostochiensis were reported to have large regions
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deleted, and were thus most likely non-functional pseudogenes. However, some
overlapping gene regions were observed to be 94-98% similar for G. pallida (Gibson et
al. 2007b), and 95-99% similar for G. rostochiensis (Gibson et al. 2007a; Riepsamen et
al. 2008). Thus, although these gene copies were initially described as pseudogenes,
their similarity to their functional counterpart suggested that they may still have a
functional role. This was supported by a comparison with expressed sequence tag (EST)
sequences, which indicated that these indels were present at the messenger RNA
(mRNA) level, and thus transcribed. Sequence analysis indicated that much of the
variation between gene copies sequenced in multiple clones in G. rostochiensis was
attributed to indels at poly(T) tracts (Riepsamen et al. 2008). Many of these poly(T)
regions occurred within protein-coding genes.

1.10.2 Poly(T) Variation in Globodera mtDNA
A change in number of thymidine residues at a poly(T) tract in a protein-coding gene
alters the reading frame, and thus drastically alters the amino acid sequence (unless the
change is a multiple of 3). Analysis of poly(T) variation in the Cytb gene in G.
rostochiensis indicated that by the theoretical addition or subtraction of several
thymidine residues in the Cytb „pseudogene‟, a full-length Cytb protein could be
produced (see Fig. 1.9; Riepsamen et al. 2008) with high sequence identity to the fulllength Cytb protein previously characterised in G. pallida (Gibson et al. 2007b). This
lead to several hypotheses as to how the nematode is able to function with these
„pseudogene‟ copies; (i) there are sufficient functional copies of the mtDNA genes so
that the pseudogenes do not detrimentally effect the nematode, (ii) +1 translational
slippage, as was reported in birds (Mindell et al. 1998) and ants (Russell and
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Beckenbach 2008), permit translation in the correct reading frame, or (iii) editing of the
mRNA transcript corrects the frameshift mutation, as was suggested for another
nematode (Vanfleteren and Vierstraete 1999). The poly(T) variation in G. rostochiensis
was not considered artefactual (for a summary of the reasons for this, see Chapter 5),
nor did these studies attempt to measure the amount of poly(T) variation that may be
introduced during PCR amplification in vitro (Riepsamen et al. 2008).
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Figure 1.9 Comparison of the full-length Cytb protein from G. pallida, the conceptually translated Cytb
gene from G. rostochiensis, and the same conceptually translated Cytb sequence from G. rostochiensis,
except that the DNA sequence was manually edited; thymidine residues were added to two polythymidine
tracts. Adapted from Riepsamen et al. (2008).
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1.10.3 Experimental Considerations
The metazoan mitochondrial genome has generally evolved to be a compact molecule,
with duplicate gene copies predicted to be purged from the genome. This is possibly due
to smaller genomes having a replicative advantage (Rand and Harrison 1989), and
results in pseudogenes being rare. Consequently, observations of animal mtDNA
pseudogenes present rare opportunities to study evolutionary mechanisms and mtDNA
function. Although initially considered unlikely, it remains to be conclusively
demonstrated that the poly(T) variation observed in G. pallida and G. rostochiensis has
biological significance. It is therefore essential that the designation of „pseudogene‟ to a
seemingly non-functional gene copy is accurate. Further, to ensure annotation is
accurate, the correct (biological) number of thymidine residues in a poly(T) tract must
be known. This also has implications for phylogenetics, particularly for studies of
recently diverged organisms, where there are few genetic characters with which to
predict evolutionary relationships. Artefactual poly(T) length variation may influence
phylogenetic inference, resulting in incorrect phylogenetic estimations. This is of
relevance to the mtDNA of nematodes as they have higher proportions of adenines and
thymines than that of other metazoans (Hu and Gasser 2006). Thus, there is a need to
assess the extent of poly(T) tracts and poly(T) variation in nematode mtDNA, and the
potential for variation to be introduced in vitro. The cyst-forming nematodes provide an
ideal model system in which these issues can be assessed.
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1.10.4 Basic and Applied Research Applications of mtDNA Analyses
Using a plant parasite as an animal model has many benefits. Cyst-forming nematodes
of the Globodera genus provide a heteroplasmic mtDNA system that can be readily
manipulated for studying the mechanisms of mtDNA inheritance and mutation. The
ease of handling, short generation time and population diversity of these nematodes, as
well as a reasonably thorough understanding of their reproductive behaviours (Evans
and Stone 1977), make them a suitable experimental model for studying mtDNA
inheritance and mutation. The outcomes of these analyses have the potential to assist in
understanding the biology, distribution and phylogenetics of cyst-forming nematodes,
which can contribute to the development of protocols to prevent and treat infestations of
these parasites. Thus, both basic and applied research outcomes are possible from
mtDNA analyses of these nematodes.

1.11 Aims
The aims of this research were to use the Heteroderidae family of cyst-forming
nematodes as an animal model for studying the mechanisms of mtDNA inheritance and
recombination, primarily focusing on the relationships these have to mtDNA evolution.
Various aspects of this research are relevant to either „basic‟ or „applied‟ scientific
disciplines. The aims below and the conclusions within Chapter 6 have been segregated
into these two categories.
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1.11.1 Basic Research
The aims of the basic research presented here were to improve understanding of the
fundamental principles behind animal mtDNA inheritance and mutation, by assessing
the genetic sequence changes that occur when certain experimental conditions are
invoked. For this, cultured isolates of divergent populations of G. pallida were
experimentally crossed, and the genetic sequences of the parental and progeny
nematodes compared to assess (i) mtDNA recombination, and (ii) mtDNA inheritance.

1.11.1.1

Aim 1. To look for evidence of past mtDNA recombination within and
between divergent populations of G. pallida, and to look for evidence
of contemporary mtDNA recombination in the progeny of
experimental crosses of these populations (Chapter 2)

The mechanisms of animal mtDNA recombination are poorly studied, primarily due to
the lack of model systems available. It has been proposed that recombination may be
more frequent in the contact zones of hybridising organisms, where divergent
populations interbreed. To assess past recombination and a potential association with
hybrid zones, a region of the mtDNA of a range of populations of varying genetic
relatedness were characterised. These were examined for evidence of ancestral intraand interpopulation recombination. To directly assess contemporary recombination,
these populations were experimentally crossed. The mtDNA of the progeny from these
crosses were characterised and screened for evidence of recombination between the
maternal and paternal mtDNA.
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1.11.1.2

Aim 2. To assess the potential for paternal leakage in hybrid zones,
and the effect that genetic divergence between hybridising organisms
has on paternal leakage (Chapter 3)

Animal mtDNA is typically maternally inherited, with paternal mtDNA excluded from
the egg or eliminated during fertilisation, or present at undetectable frequencies.
However, there have been reports of paternal leakage in some animals. The conditions
that facilitate paternal leakage are unknown. It has been proposed that the reproductive
mechanisms that typically prevent paternal mtDNA inheritance may be inefficient when
divergent organisms breed, such as in hybrid zones. As an extension on the research
targeted by Aim 1 (section 1.11.1.1), populations of varying genetic relatedness were
crossed and the effect of increasing genetic divergence between hybridising organisms
on paternal leakage was assessed by screening the progeny for evidence of maternal and
paternal mtDNA sequences.

1.11.2 Applied Research
The aims of the applied research presented here were to assess features of the mtDNA
of the Heteroderidae nematodes that will assist with molecular analysis, including
phylogenetic analysis.
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1.11.2.1

Aim 3. To assess the ability of three phylogenetic markers to resolve
populations of G. pallida, and to use these markers to analyse the
evolution of these populations (Chapter 4)

G. pallida is an agricultural pest that poses a significant threat to Solanum yields
globally. Understanding the evolution and particularly the colonisation history of this
nematode will assist in developing strategies to prevent further infestation. Further,
accurate identification of the different populations will assist in applying appropriate
treatment methods to infected areas. Several molecular markers have been used for both
diagnostic and phylogenetic analyses of G. pallida populations. Here, three molecular
markers were compared for their ability to resolve multiple representatives of several
populations as reciprocally monophyletic; this is where all representatives of a
population share a more recent common ancestor with each other than with any other
lineage in the phylogeny. One commonly used marker (the ITS region) and two
potential markers (the rbp-1 gene and a non-coding mtDNA region) were analysed.

1.11.2.2

Aim 4. To assess the frequency of poly(T) tracts in the mtDNA of
heteroderid nematodes and to study the rate and contributing factors
of in vitro amplification errors at poly(T) tracts (Chapter 5)

The mtDNA of the nematode, G. rostochiensis was reported to have variation in the
length of poly(T) tracts within protein-coding genes; in both the mtDNA and mRNA.
Nematode mitochondrial genomes are known to have higher AT contents than those of
other animals, but the frequency of homopolymers, and hence the potential for poly(T)
length variation, is unknown. Poly(T) variation may disrupt the reading frame of a
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protein, causing detrimental effects. Alternatively, the poly(T) variation observed may
be artefactual (introduced during amplification). Here, the mtDNA molecules of
representatives of the Heteroderidae family of cyst-forming nematodes were
characterised to assess the proportion of poly(T) variation that was artefactual, as well
as to study the extent of poly(T) tracts in the mtDNA of these nematodes. These studies
would contribute to our understanding of the mtDNA features that contribute to poly(T)
variation.
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CHAPTER 2: Evidence of Animal mtDNA
Recombination between Divergent Populations of the
Potato Cyst Nematode Globodera pallida
This chapter was slightly modified from a paper that was submitted for publication in
the Journal of Molecular Evolution and is currently in review.

Angelique H. Hoolahan1, Vivian C. Blok2, Tracey Gibson1 and Mark Dowton1
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nematode populations and established the experimental crosses.
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2.1 Introduction
Animal mitochondrial genomes (mtDNA) are used frequently in phylogenetic analyses.
The strictly maternal mode of inheritance (Birky 2008) (except in several bivalves; see
Breton et al. 2007) and lack of recombination (Avise 1994; Harrison 1989) make it an
ideal marker for tracing evolutionary lineages. However, there is a continuing debate as
to the extent of recombination in animal mtDNA (e.g. Hey 2000; Maynard Smith and
Smith 2002), and the impact it has on phylogenetics (Kivisild et al. 2000). Strictly
maternal inheritance can result in a population of identical mtDNA molecules within an
individual (i.e. homoplasmy). This makes recombination detection difficult as
recombinant products are most readily identified as mosaics of different (heteroplasmic)
progenitor molecules (Rokas et al. 2003). Evidence for mtDNA recombination has been
reported infrequently in a broad range of animals. The majority of studies reporting
evidence for mtDNA recombination assess past recombination events, where patterns of
recombination are inferred by comparing the mtDNA of different individuals (e.g.
Armstrong et al. 2007; Shao et al. 2009). Computational programs are frequently used
to detect such evidence for recombination in mtDNA sequence data (Awadalla et al.
1999; Ladoukakis and Zouros 2001b; Piganeau et al. 2004; Tsaousis et al. 2005). Few
studies have looked for evidence of contemporary mtDNA recombination events, where
recombinant molecules are observed as direct mosaics of known progenitor molecules.
Evidence for contemporary mtDNA recombination has been observed in a human case
study, where rare biparental inheritance had been detected (Kraytsberg et al. 2004).
Recombinant molecules were identified as mosaics of maternal and paternal mtDNA
sequences. Recombination was also observed in several species of mussels (Burzynski
et al. 2003; Ladoukakis and Zouros 2001a). These and other bivalves have two distinct
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mtDNAs, one inherited maternally, and the other inherited paternally. While females
only inherit the maternal mtDNA, males inherit both (Zouros et al. 1994). In several
males recombination between parental mtDNA sequences was identified. Simulation
studies have attempted to predict the affect that recombination has on phylogenetic
analysis. These studies demonstrated that recombination among recently diverged
(Posada and Crandall 2002) and rapidly-evolving (Schierup and Hein 2000) sequences
can mislead phylogenetic analysis, with distinct incongruence between the resolved
phylogeny and the underlying, true phylogeny. However, the impact of recombination
on phylogenetics has not been examined using biological data.

The lack of heteroplasmic mtDNA in animals means that few model systems are
available to examine the incidence and mechanism of mtDNA recombination. However,
heteroplasmy resulting from paternal mtDNA leakage has been linked with the
interbreeding of divergent animal populations or species (Fontaine et al. 2007;
Gyllensten et al. 1991; Kaneda et al. 1995; Kondo et al. 1990; Kvist et al. 2003;
Magoulas and Zouros 1993; Meusel and Moritz 1993; Niki et al. 1989; Shitara et al.
1998; Zhao et al. 2001). Paternal leakage is suggested to be a result of underdeveloped
reproductive barriers between the hybridising organisms that would otherwise prevent
paternal mtDNA inheritance (Wagner et al. 1991). The resultant heteroplasmy enables
the detection of intermolecular recombination events between the mtDNAs of the
interbred organisms. Consistent with this, the mtDNA of a lizard was described as a
mosaic of the mtDNAs from two populations living in close proximity (Ujvari et al.
2007). Further, the mtDNA of a salmon (Ciborowski et al. 2007) and a plant (JaramilloCorrea and Bousquet 2005) were reported to resemble intermediate forms of the
mtDNAs from two organisms living in the same habitat (i.e. that may have interbred).
69

Recombination detected in hybrid zones is typically from past recombination events, as
determination of the direct parental sequences is difficult. Therefore, the assessment of
contemporary recombination is limited. As yet, no studies have assessed contemporary
recombination associated with hybrid zones.

In the present study, populations of the nematode Globodera pallida were used as a
model system to assess past and contemporary recombination. There have been
preliminary reports of evidence for past recombination in the mtDNA of this nematode.
Recombination detection software identified up to six recombination breakpoints in the
mtDNA of a variable non-coding region in one population (Armstrong et al. 2007),
which likely formed through intramolecular recombination. In addition, the mtDNA of
this nematode is unique in comprising at least six small circular mtDNA (scmtDNA)
molecules (Armstrong et al. 2000). Some of these circles are mosaics of the remaining
circles, consistent with their formation by intermolecular recombination (Gibson et al.
2007b). In this nematode, we assessed (i) the extent of past recombination events in a
range of populations of G. pallida, (ii) the extent of past recombination events between
these populations, i.e. that may have resulted from ancestral hybrid zones, and (iii)
evidence of contemporary recombination in experimental crosses of these populations.
For the crosses, males and females from different populations of varying genetic
relatedness were crossed and the progeny screened for evidence of contemporary
recombination; mosaics of maternal and paternal mtDNA within the mtDNA of the
progeny.

There are a number of distinct populations of this plant parasitic nematode, with the
evolutionary relationships among them relatively well characterised (Madani et al.
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2010; Plantard et al. 2008; Subbotin et al. 2000). G. pallida is suggested to have
originated in South America (Evans and Stone 1977; Picard et al. 2007) and was
imported into Europe and the UK on its host, potato tubers (Stone 1985). The
relationships among the five populations of G. pallida used in the present study are
shown in Figure 2.1, with the South American population P4A more closely related to
the European and UK populations than to the other South American population, P5A
(Grenier et al. 2001; Subbotin et al. 2000). For the experimental crosses, females from
two South American and two UK populations were crossed with another UK population
(see Fig. 2.1). We sequenced a 3.4 kb fragment from one of the six scmtDNAs in the
mitochondrial genome of G. pallida. Both the parental populations and the progeny of
the crosses were sequenced to investigate whether past and contemporary recombination
could be detected, respectively. This has significant implications for animal mtDNA
phylogenetic analyses that assume strict maternal inheritance and an absence of
recombination as we show that recombination may be occurring when divergent
populations interbreed.
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P5A
P4A
Luffness
Gourdie
Lindley

Figure 2.1 Relative phylogenetic relationships between populations of Globodera pallida used in this
study. Populations Lindley, Gourdie and Luffness are from the UK. Populations P4A and P5A are from
South America. For the experimental crosses, males from the population Lindley were crossed with
females from the remaining 4 populations. This phylogeny is based on phylogenetic analysis of the
internal transcribed spacer region (Grenier et al. 2001; Subbotin et al. 2000).

2.2 Materials and Methods
2.2.1 Source of the Parental G. pallida Populations and the Progeny from
Population Crosses
To look for evidence of past recombination events within and between populations,
populations of the nematode G. pallida were used. Populations were from the potato
cyst nematode collection at the Scottish Crop Research Institute, which were previously
collected from field sites in the UK (Lindley from England; Gourdie and Luffness from
Scotland) and South America (P4A, P5A).

To look for evidence of contemporary recombination events, these populations were
experimentally crossed and the progeny screened for recombination between the
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maternal and paternal mtDNA. The experimental crosses of these populations are
described in detail in section 3.2.1. To summarise; juveniles from cysts of each
population were hatched using a tomato root diffusate (Forrest and Farrer 1983).
Juveniles were used to inoculate potato tubers (cv. Désirée). The plants were
subsequently washed free of soil and suspended in tanks of aerated water 3 weeks after
inoculation of the roots. This process facilitated the physical separation of males from
females; the adult females, now sedentary, remained attached to the root, while the
motile males emerged and fell away from the root. Adult males of the Lindley
population were collected for the experimental crosses. Infection of the suspended
plants by adult females was assessed after 5 weeks. Protrusions on the surface of the
root indicated the presence of adult females, as these are the posterior of the female
which later develops into a cyst. Plants were suspended for a further 3 weeks to allow
any remaining males to emerge before being placed back into the soil. Experimental
crosses were then performed by applying approximately 250 males of the Lindley
population to each plant infected with females from either population Gourdie,
Luffness, P4A or P5A. Cysts from the crossings (containing the progeny) and from the
parental populations were recovered from the dried soil of each plant by flotation.
Comparable numbers of cysts were recovered from the experimental crossings and the
control crossings (where several plants inoculated with the parental populations were
left within their original pots to self-fertilise). The success of the crosses was assessed
via sequencing and RFLP analyses of the nuclear internal transcribed spacer region
(ITS) region of the parental populations and progeny nematodes (described in section
3.2.2). Hybridisations were deemed successful if there were evidence of both maternal
and paternal ITS alleles present.
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2.2.2 Genomic DNA Extraction
From each population, 5 representative cysts were sampled. Genomic DNA from these
populations was extracted using the „salting-out‟ method of Sunnucks and Hales (1996).
For analysis of the progeny from the experimental crosses, genomic DNA extractions
from individual cysts used the DNeasy® Blood and Tissue Kit (QIAGEN).

2.2.3 mtDNA Amplification and Sequencing
We looked for evidence of mtDNA recombination by sequencing a relatively long (3.4
kb) non-coding mtDNA fragment. This fragment is specific to one of the six small
circular mitochondrial genomes (scmtDNA IV) from the mtDNA of G. pallida (Gibson
et al. 2007b). This region had already been sequenced in 10 clones for the population
P4A (Armstrong et al. 2007), and these sequences were retrieved from GenBank
(Accession numbers DQ288929-DQ288939). We characterised this fragment in the
populations Lindley, Gourdie, Luffness and P5A, and in the progeny of the crosses.
Amplifications from extracted genomic DNA used the BIO-X-ACTTM Long DNA
Polymerase Kit (Bioline), and cycling conditions were 94°C for 2 min, 35-40 cycles of
94°C for 30 s, 57°C for 30 s and 68°C for 10 min, followed by 68°C for 10 min.
Products were purified for cloning using either the MinElute® Gel Extraction Kit
(QIAGEN) or the Wizard® SV Gel and PCR Clean-Up System (Promega), ligated into
the pGEM®-T Easy Vector System (Promega), and transformed into either chemically
competent JM109 Escherichia coli cells (Promega) or α-Select Electrocompetent cells
(Bioline). For sequencing, positive clones were purified using the GeneJETTM Plasmid
Miniprep Kit (Fermentas) or the Wizard® Plus SV Minipreps DNA Purification System
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(Promega). Sequencing reactions were performed using the BigDye® Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems), and raw sequence data were analysed
using ChromasPro (Technelysium Ltd., Tewantin) and BioEdit (Hall 1999).

2.2.4 mtDNA Sequence Alignments and Analysis
Sequences were aligned using MAFFT (multiple sequence alignment based on fast
Fourier transform) (Katoh et al. 2002) using the generic mode for globally-alignable
sequences (G-INS-I), as this approach was found to be most reliable in a comparison of
six popular alignment approaches (Golubchik et al. 2007). The default scoring matrix
was used (200PAM). BioEdit (Hall 1999) was used to perform pair-wise alignments and
perform sequence identity matricies.

2.2.5 mtDNA Recombination Detection
Evidence of recombination was assessed using RDP (beta, version 3.41) (Heath et al.
2006; Martin et al. 2010). The settings used were: sequences assumed to be linear,
highest acceptable p-value = 0.01, Bonferroni corrections used (to correct p-values for
multiple tests), phylogenetic evidence required, breakpoints polished, check for
alignment consistency, list events detected by more than two methods. Methods used
were RDP (Martin and Rybicki 2000), GENECONV (Padidam et al. 1999),
BOOTSCAN (Martin et al. 2005), Maximum Chi-Squared (Smith 1992), CHIMAERA
(Posada and Crandall 2001), SiScan (Gibbs et al. 2000), 3SEQ (Boni et al. 2007),
TOPAL (McGuire and Wright 2000) and recombination breakpoint hotspots plots
(Heath et al. 2006). In addition, highly similar sequences were masked, using the
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„automask for optimal recombination detection‟ feature. Neighbour-Joining analysis
was performed in RDP using the default settings (Felsenstein 1989).

2.3 Results
Nearly all studies that have looked for evidence of recombination among mitochondrial
sequences have looked for evidence of past recombination events - mitochondrial
sequences from individuals have been compared, and recombination inferred from the
pattern of variation between the sequences (e.g. Armstrong et al. 2007; Ladoukakis and
Zouros 2001b; Piganeau et al. 2004; Shao et al. 2009). There have been few studies that
have reported evidence of contemporary recombination events. For detection of
contemporary recombination, mitochondrial sequences from progeny are directly
compared with their parents, and recombination inferred due to an alternating pattern of
maternal and paternal sequences in the mitochondrial genome of the progeny. A few
studies have directly observed evidence of contemporary recombination (e.g.
Kraytsberg et al. 2004; Lunt and Hyman 1997), while other studies have reported
evidence of contemporary recombination after several backcrosses (e.g. Arunkumar et
al. 2006; Guo et al. 2006). In this study, we looked for evidence of both past and
contemporary recombination using different populations of the nematode G. pallida.

G. pallida nematodes have a multipartite mitochondrial genome. Most populations have
at least 5-6 subgenomic circles (Armstrong et al. 2000), with an overlapping pattern of
mitochondrial genes distributed on the different circles (Gibson et al. 2007b). It was
previously established that recombination could be readily detected in one of the
subgenomic circles (circle IV) of G. pallida nematodes from the P4A population
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(Armstrong et al. 2007). This population was chosen by Armstrong and others, as
restriction digestion evidence suggested that its circle IV had a greater degree of genetic
heterogeneity than other populations of this nematode. The purpose of the present study
was to (1) look for evidence of past recombination events within other populations of G.
pallida, (2) look for evidence of past recombination events between the various
populations of G. pallida, and (3) look for evidence of contemporary recombination, by
performing experimental crosses using males and females from different populations.

2.3.1 Evidence of Past Recombination Events
To look for evidence of ancestral recombination, we extracted genomic DNA from 5
pooled cysts of populations P5A, Gourdie, Luffness and Lindley. We then amplified the
same 3.4 kb mtDNA fragment as examined by Armstrong et al. (2007), and sequenced
8-10 clones from each population. The sequences from each population were aligned
separately, and each population analysed for evidence of recombination, using RDP
(Martin et al. 2010).

2.3.1.1

Recombination is not detectable within four populations of G. pallida

Within each population, all clones were >98% identical for the length of the 3.4 kb
fragment. RDP analysis indicated that none of the four populations assessed in the
present study showed evidence of recombination. When we examined the P4A
sequences generated by Armstrong et al. (2007) using RDP, eight recombination events
were detected, each with highly significant p-values (Bonferroni corrected p-values
between 6 x 10-20 and 4 x 10-4). This indicates that the different detection approaches
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used in either this study, or in that of Armstrong et al. (2007) were not responsible for
the lack of recombination detected in populations Lindley, Gourdie, Luffness and P5A.

2.3.1.2

Recombination is not detectable between European populations of G.
pallida

Next we aligned all of the European populations (Gourdie, Lindley and Luffness), and
analysed these for evidence of recombination. There was no evidence of recombination
between these three populations.

2.3.1.3

Recombination is readily detectable between population P4A and
European populations of G. pallida

We then looked for evidence of recombination between P4A and the European
populations. To avoid the confounding effects of recombination among the genetically
different scmtDNA IV members of the P4A population, we separately assessed each
sampled member of the P4A population with the combined European scmtDNA IV
sequences from the populations Lindley, Gourdie and Luffness. To do this, we aligned
each P4A sequence separately with all of the European population sequences, and
analysed each of these 11 alignments for evidence of recombination. These analyses
showed strong evidence of recombination between members of the P4A population and
the European populations (Table 2.1). For example, two P4A representatives
(DQ288931 and DQ288933) showed strong evidence of the same recombination event,
between nucleotides 917 and 1498. Both of these P4A representatives are members of a
P4A clade identified by Armstrong et al. (2007), the p22 clade. To illustrate the
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recombination event further, we describe more fully the recombination evident between
DQ288931 and the European populations.

Table 2.1. Recombinant regions predicted by RDP analysis of mtDNA sequences from the South
American population of G. pallida, P4A, when compared with European populations.
P4A clone

Number of

Position in alignment

Corrected p

recombination

Topological
evidence

events
Clade p22
DQ288931

1

917-1498

2 x 10-17

Yes

DQ288933

1

917-1498

2 x 10-16

Yes

DQ288935

1

189-2324

6 x 10-8

No

DQ288936

2

155-856, 1513-end

1 x 10-11; 6 x 10-11

No, No

DQ288930

1

972-1219

1 x 10-10

Yes

DQ288934

1

972-1219

4 x 10-10

Yes

DQ288937

1

972-1269

3 x 10-10

Yes

DQ288939

1

972-1219

3 x 10-10

Yes

973-1270

2 x 10-10

Yes

Clade p37

Clade p15
DQ288929

0

DQ288932

0

DQ288938

1

Recombination should be evident where different portions of the alignment confidently
support different phylogenies. A Neighbour-Joining tree of the non-recombinant section
(nucleotides 1-916 and 1499-end) showed the topology that would be expected if
recombination was absent; the European populations cluster together, while the P4A
sequence is the most distantly related sequence (Fig. 2.2a). A Neighbour-Joining tree of
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the recombinant section (nucleotides 917-1498) showed a different topology, with the
P4A sequence closely related to the Gourdie and Lindley populations (Fig. 2.2b). This
indicates that the recombination event involved a section from the Gourdie/Lindley
population moving into the P4A sequence. The recombination event could be confirmed
by visual inspection of the alignment. In the non-recombinant section, the European
populations are more similar (Fig. 2.3, right panel), while the recombinant section (Fig.
2.3, left panel) indicates a greater similarity between P4A and the Gourdie/Lindley
populations. This pattern of similarity was consistent throughout the non-recombinant
and recombinant pieces.

(a) Non-recombinant section

(b) Recombinant section

Figure 2.2. Neighbour-Joining phylogenetic analysis of the mtDNA of European populations of G.
pallida (Lindley, Gourdie and Luffness) and a representative of the South American population P4A
(DQ288931). A comparison of the (a) non-recombinant section, and (b) recombinant section, as identified
by RDP analysis. Numbers at nodes indicate bootstrap proportions.
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Recombinant section: P4A is more
similar to Gourdie and Lindley

Non-recombinant section: Luffness is
more similar to Gourdie and Lindley

Figure 2.3. Sequence alignment of the mtDNA of European populations of G. pallida (Lindley, Gourdie
and Luffness) and a representative of the South American population P4A (DQ288931). A comparison of
comparing a subsection from the non-recombinant section (left panel), and recombinant section (right
panel), as identified by RDP analysis.

A similar, single recombination event was evident when each of DQ288930,
DQ288934, DQ288937 and DQ288939 were compared with the European populations.
Each of these sequences belongs to clade p37, as identified by Armstrong et al. (2007).
The recombinant piece was slightly smaller than in the above example, and there was
similarly strong topological evidence in that the recombinant piece clustered with the
Gourdie/Lindley populations, whereas the European populations clustered in the nonrecombinant piece. A third recombination event was evident when DQ288938 was
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compared with the European populations – this was also confirmed by topological
evidence.

However, in two comparisons, strong evidence of recombination was not directly
supported by topological evidence. In the DQ288935/European populations
comparison, the non-recombinant piece of DQ288935 clustered with the
Gourdie/Lindley populations, while the recombinant piece clustered with the Luffness
population. This is consistent with this event being confounded by the earlier
recombination of the ancestor to the p22 clade recombining with Gourdie/Lindley, with
the secondary recombination being a product of recombination with Luffness.

2.3.1.4

Recombination is detectable between one member of population P4A
and P5A

Both P4A and P5A are from South America. We looked for evidence of recombination
between P5A and P4A by aligning individual members of P4A with all members of
P5A. In contrast to the broad evidence of recombination between members of P4A and
the European populations, only a single P4A sequence showed evidence of
recombination with the P5A sequences. This was between DQ288934 and the P5A
members, where there was evidence of a single recombination event. In this alignment,
nucleotides 19-1771 showed the expected topology, with P4A a monophyletic clade,
and the P5A sequence more distantly related, while nucleotides 1772-end had a
different topology, with the P5A sequence nesting within the P4A clade. However, the
significance of this recombination was lower than for any of the P4A/European
recombination events, with a Bonferroni corrected p-value for the former of 2 x 10-5.
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2.3.2 Evidence of Contemporary Recombination Events
We then looked for evidence of contemporary mtDNA recombination in a series of
experimental crosses. Populations were crossed on a gradient of genetic divergence to
assess whether increasing genetic divergence (between parental populations) has an
impact on recombination. The mtDNA sequence identity between the parental
populations used for each cross were 98% (Lindley compared with Gourdie;
GourdieXLindley), 89% (Lindley compared with Luffness; LuffnessXLindley), 73-90%
(Lindley compared with P4A; P4AXLindley), and 79% (Lindley compared with P5A;
P5AXLindley), for the 3.4 kb region analysed. To detect recombination between
parental mtDNA, the maternal and paternal mtDNA must be sufficiently different, as
recombinants will be most readily detected as mosaics of maternal and paternal
sequences. Further, many mitochondrial genomes may have to be sequenced in order to
detect the few that are products of recombination. In the present study, we amplified and
sequenced a 3.4 kb fragment of the G. pallida mitochondrial genome to screen for
evidence of recombination. We generally sequenced 10 clones from each progeny,
producing approximately 34 kb of sequence data for the assessment, with a total of
~300 kb sequenced. Nevertheless, the power of this analysis is low; with 34 kb we are
only able to detect recombination if at least one of the 10 clones is a recombinant; i.e. if
10% of the mitochondrial population inside an individual cyst are recombinants.

In each experimental crossing, 10 plants that were infected with 50-100 females were
each inoculated with 250 males. However, few progeny cysts were collected at the end
of each experiment. This may be a due to the females being left in hydroponics for 8
weeks prior to the experimental crosses, as females would typically mate with males
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several weeks earlier (Chitwood and Buhrer 1945). From each of the GourdieXLindley
and LuffnessXLindley cross, 1 cyst was analysed. From the P4AXLindley cross,
progeny from 3 cysts were analysed. From the P5AXLindley cross, progeny from 4
cysts were analysed. The presence of both maternal and paternal nuclear DNA was used
to confirm the success of the crosses (see section 3.3). The 3.4 kb mtDNA region was
characterised in the progeny, and screened for evidence of recombination.

2.3.2.1

Ancestral recombination is detectable in the progeny of one cross
between European populations of G. pallida

The populations Lindley, Luffness and Gourdie are all from the UK, and have high
sequence similarity. For the populations Gourdie and Lindley, sequence data indicated
that there were no polymorphic sites between these that could be used to differentiate
the maternal and paternal nuclear or mitochondrial DNA in the progeny; comparative
sequences from each population were >98% identical. Consequently, the success of the
hybridisation could not be confirmed in this cross. Regardless, RDP analysis did not
detect recombination in the mtDNA of the progeny from this cross.

For the cross of populations Luffness and Lindley, 5 clones were >98% identical to the
maternal mtDNA, while the other 5 clones were only 91% identical. RDP analysis
showed strong evidence of recombination in 4 of the latter clones, and weaker evidence
of recombination in one of the latter clones. In this case, a central section of the 3.4 kb
fragment showed greater sequence identity with the father than the mother (94%
compared with 75%), whereas the remaining portion showed greater sequence identity
with the mother (93% compared with 89%). However, for this „apparent recombinant‟
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to be a direct product of the experimental cross (i.e. contemporary recombination), we
would expect to see portions of sequence that were 99-100% identical to the maternal
and paternal sequences. The observation that the level of sequence identity was lower
than this prompted us to consider the possibility that the „apparent recombinant‟ was
inherited (i.e. was an ancestral polymorphism), rather than derived directly from the
experimental cross. Indeed, a comparison of the „apparent recombinant‟ with the P4A
sequences generated by Armstrong et al. (2007) indicated a high degree of sequence
identity (98-99%) with three of the P4A sequences. This suggests that the progeny
sequences were inherited, and that no recombination occurred as a direct result of the
cross. To confirm this, we aligned the recombinant and non-recombinant regions to the
P4A sequences separately. Both regions were 98-99% identical to the P4A sequences;
c.f. <95% for the parental sequences. This further suggests that the recombination was
an ancestral event.

2.3.2.2

Recombination is not detectable in the progeny of a cross between
population P4A and a European population of G. pallida

From the P4AXLindley cross, 3 cysts were analysed. The sequence identity matrix
shows that the P4AxLindley clones are 99% identical to at least one of the parental
sequences. This suggests that the progeny sequences were inherited, and that no
recombination occurred as a direct result of the cross. This was confirmed by RDP
analysis identifying the same recombination event in the P4AxLindley progeny and in
the parental population P4A.
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2.3.2.3

Recombination is not detectable in the progeny of a cross between
population P5A and a European population of G. pallida

From the P5AXLindley cross, 4 cysts were analysed. Almost all clones were >99%
identical within each cyst, and >98% identical to either the maternal or paternal
mtDNA. In one P5AXLindley cyst, all 10 clones had a 122 bp deletion and an unrelated
148 bp insertion relative to the maternal (P5A) sequence, but were otherwise >98%
identical to P5A.

2.4 Discussion
We assessed past and contemporary mtDNA recombination using the nematode G.
pallida as a model organism. Past mtDNA recombination has previously been observed
in one G. pallida population, where recombination detection software was used to
identify recombination breakpoints (Armstrong et al. 2007). Further, the mtDNA of G.
pallida has an overlapping genetic organisation, consistent with the operation of
recombination (Gibson et al. 2007b). Here we report the first example of evidence of
past recombination between divergent populations of G. pallida. mtDNA sequences
from the South American population P4A had recombinant regions that resembled the
mtDNA of several European populations. Additionally, we report evidence of
recombination between the South American populations P4A and P5A. These
observations imply that the mtDNA molecules of different populations have interacted,
which suggests that ancestral mtDNA inheritance may not have been strictly maternal.
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Although animal mtDNA is typically maternally inherited (Birky 2008), paternal
mtDNA leakage can result in heteroplasmy (Gyllensten et al. 1991), providing the
parental molecules necessary for the detection of recombination events. Paternal
leakage has been observed in experimental (Kondo et al. 1990) and natural (Kvist et al.
2003) crosses of genetically dissimilar organisms. Evidence for animal mtDNA
recombination that may have resulted from interbreeding has been reported in a lizard
(Ujvari et al. 2007) and a salmon (Ciborowski et al. 2007). In these studies a new
mtDNA haplotype was identified that resembled a composite of the mtDNA haplotypes
of different organisms living in the same habitat. In the present study we also show
evidence of animal mtDNA recombination that may have resulted from interbreeding,
through observations of ancestral recombination between divergent populations of G.
pallida. This is supported by the observation of paternal mtDNA leakage in
experimental crosses of these populations of G. pallida (see Chapter 3).

In the present study, progeny from experimental crosses of these populations of G.
pallida had no evidence of contemporary recombination between the mtDNA of the
maternal and paternal populations; i.e. resulting directly from the experimental crosses.
This is despite several of these progeny having both maternal and paternal mtDNA
present (see Chapter 3). This supports current arguments that animal mtDNA
recombination events are rare (Innan and Nordberg 2002; Kivisild et al. 2000).
Recombination may have occurred at a frequency below the threshold of detection
permitted by the approach used in the present study (i.e. below 10%). Alternatively,
recombination may have occurred in a region of the mtDNA not analysed. A more
sensitive approach may be required to detect contemporary mtDNA recombination. An
approach that incorporates analysis of the entire scmtDNA IV molecule, additional
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scmtDNA molecules (I-III, V and VI), as well as accounting for other potential
scmtDNA variants as yet uncharacterised, may be required. High throughput next
generation sequencing technologies (NGST) have been suggested as a means to
determine the frequency of mtDNA recombination (Rokas and Abbot 2009). For
example, a single run of a 3.4 kb fragment on the 454 NGST platform would generate
~100 Mb (Mega base pairs) of sequence data, enabling a detection frequency of
0.003%. Alternatively, a series of experimental backcrosses may assist in amplifying
the recombination signal. This signal amplification can be attributed to two concepts.
Firstly, mtDNA haplotypes have an unequal fitness during transmission between
generations (de Stordeur 1997), potentially allowing for the accumulation of
recombinant mtDNA haplotypes. Secondly, backcrosses may increase the extent of
paternal mtDNA leakage, and thus heteroplasmy (Kondo et al. 1990). This increases the
potential for recombination between the maternal and paternal mtDNA, and therefore
detection. Using NGST or backcrossing experiments to increase the sensitivity of
recombination detection may assist in estimating the biological frequency of
recombination.

Here, we show that animal mtDNA recombination may be occurring between divergent
populations. If these conditions are commonly met in natural populations, the
assumption that mtDNA does not recombine may be unrealistic. We expect that this
assumption is most often violated when genetically divergent populations breed, as this
creates a heteroplasmic mtDNA population, which may facilitate recombination. To
assess this, a more comprehensive scale of genetic divergence between hybridising
organisms is needed. Further, the approach for mating these organisms would ideally
involve mating males and females individually, as opposed to en masse. Finally, for the
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results to be applicable to all animal mtDNAs, these assessments will ultimately need to
be performed in animal models with non-multipartite mitochondrial genomes.
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CHAPTER 3: Paternal Leakage of Mitochondrial DNA is
influenced by Genetic Divergence in Experimental
Crosses of the Potato Cyst Nematode Globodera pallida

This chapter was slightly modified from a paper that was submitted for publication in
the Journal of Molecular Evolution and is currently in review.
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3.1 Introduction
Animal mitochondrial genomes are used extensively in phylogenetics and population
studies. mtDNA is typically maternally inherited (Birky 2008) (for an exception, see
Breton et al. 2007), and thus facilitates direct tracing of lineages through the maternal
line. Paternal mtDNA can be actively degraded within the egg, excluded from entering
the egg during fertilisation, and/or outnumbered approximately 1000:1 by maternal
mtDNA within the egg, depending on the organism (Ankel-Simons and Cummins 1996;
Birky 2008), though this ratio may vary considerably between taxa (White et al. 2008).
In mammals, paternal mtDNA is degraded by a ubiquitin-tagging process that marks
paternal mtDNA for lysis (Sutovsky et al. 1999). However, these mechanisms
occasionally fail, and low-levels of paternal mtDNA in conjunction with maternal
mtDNA (termed „paternal leakage‟) have been observed sporadically in animals
(Fontaine et al. 2007).

Paternal leakage has been suggested to be more frequent in the contact zones of
intersecting species or populations (termed hybrid zones) (Saville et al. 1998). This is
thought to be due to underdeveloped reproductive barriers between the hybridising
species resulting in inefficient paternal mtDNA elimination mechanisms (Wagner et al.
1991). Paternal leakage has been observed within hybrid zones of intersecting species or
populations in sheep (Zhao et al. 2001), mice (Gyllensten et al. 1991; Kaneda et al.
1995; Shitara et al. 1998), birds (Kvist et al. 2003), fish (Magoulas and Zouros 1993),
and insects (Fontaine et al. 2007; Kondo et al. 1990; Meusel and Moritz 1993; Niki et
al. 1989; Sherengul et al. 2006). However, only a few of these studies have assessed
how paternal leakage is affected by the amount of genetic divergence between
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interbreeding species or populations (Kaneda et al. 1995; Kondo et al. 1990; Sherengul
et al. 2006), with no study systematically assessing paternal leakage over a specified
gradient of genetic divergence. As such, there is a limited understanding of how
paternal leakage may be affected by the genetic divergence between two hybridising
organisms.

Here we used a nematode, Globodera pallida, as a model system for crossing
populations of varying genetic relatedness and assessing the extent of paternal leakage
in the progeny. The level of genetic divergence in populations of G. pallida is extensive
(Plantard et al. 2008). The phylogeny and phylogeographic distribution of many
populations of this significant agricultural pest have been well characterised. The
consensus hypothesis is that the species originated in the Peruvian Andes of South
America (Canto Saenz and De Scurrah 1977; Evans and Stone 1977; Picard et al. 2007),
which is the origin of its host species, potato (Hijmans and Spooner 2001). G. pallida
was likely introduced into Europe and the United Kingdom via importation of infested
potato tubers (Evans and Stone 1977; Stone 1985). Additionally, the South American
population P4A has been suggested to be more closely related to the European and UK
populations, than to another South American population, P5A (Subbotin et al. 2000).
Thus, for crossing experiments we used a population from the UK as the male, and
varied the female it was crossed with, including two populations from Scotland and two
from South America (for a phylogeny, see Fig. 2.1). The mtDNA of this nematode is
multipartite, comprising at least six scmtDNA molecules (Armstrong et al. 2000;
Gibson et al. 2007b). Analysis of a ~3.4 kb region unique to one scmtDNA molecule
from the parental populations and progeny revealed that paternal leakage had occurred
to varying extents in several crosses. This research has significant implications, as the
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assumption that mtDNA is strictly maternally inherited may be frequently violated,
particularly when divergent populations interbreed.

3.2 Materials and Methods
3.2.1 Experimental Crosses of G. pallida Populations
Experimental crosses were established as described in Chapter 2, with an additional 7
progeny cysts analysed in this chapter (giving a total of 16). The methodology is shown
in Fig. 3.1. The final two steps of the flow chart, which describe the approaches for
discriminating and analysing maternal and paternal mtDNA, are specific to this chapter.
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Cysts from 5 populations of the plant-parasitic nematode, G. pallida, used:
Lindley, Gourdie and Luffness from the UK;
P4A and P5A from South America

Stage 2 juveniles (J2s) hatched from multiple cysts for each population
and used to inoculate potato tubers
Population
controls

Experimental
crosses

Infected
tubers
potted to
allow intrapopulation
fertilization

Infected tubers
suspended in
water

Females remain
sedentary and present
as cysts on the surface
of the root

Males emerge and fall
away from the root;
males of the population
Lindley were collected

Males of the Lindley population were applied to
tubers infected with females of the four remaining
populations
Fertilized cysts isolated and genomic DNA extracted
For each parental
population, DNA
extracted from 5-8
cysts

For the progeny,
DNA extracted
from individual
cysts

Nuclear DNA internal transcribed spacer (ITS) region characterised
RFLP &/or
sequence
analysis for
each cyst

RFLP and
sequence
analysis for
each population

ITS region of progeny screened for evidence of maternal and paternal
nuclear DNA to indicate the success of the hybridization

Several clones of a ~3.4 kb non-coding mitochondrial DNA (mtDNA)
fragment were sequenced from the parental populations & in several
progeny, to screen the progeny for paternal mtDNA leakage

Primers designed specific to the parental populations and used to screen
additional progeny for the presence of maternal and paternal mtDNA

Figure 3.1 Flow diagram of the experimental approach for crossing populations of G. pallida of varying
genetic relatedness and analysing mtDNA inheritance.
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To elaborate, juveniles from each population were hatched and collected by placing
cysts on 53 micron mesh in a dish containing tomato root diffusate (Blair et al. 1999).
Juveniles were collected over 2 weeks and stored at 4ºC until used for inoculation.
Approximately 2000 J2s of each population were used to inoculate roots of 10 young
plants derived from a tuber piece of the susceptible potato cv. Désirée, and the
experiment was repeated twice. Tubers were prepared for inoculation by planting a
tuber piece with a single sprout in a 2:1 sand:loam mixture in root trainers. Roots were
grown to 10 cm in length (for approximately 10 days), and the root trainers opened to
inoculate the roots with the J2s. At this point, several plants from each population were
set aside to self-propagate as parental controls. To facilitate the physical separation of
females from males, plants were removed from the root trainers 2 weeks after they were
inoculated, the roots washed free of soil, and the plants suspended in tanks containing
aerated water. This allowed emerging males to fall away from the root. Infection was
confirmed by observing female adults protruding from the surface of the plant roots
after approximately 5 weeks. Plants were left suspended in aerated water for a further 3
weeks after the first females appeared to allow any remaining males to emerge.

Males for the crossings were collected from the population Lindley. Two weeks after
the plants for the females were set up, 40 Désirée tuber pieces were planted. The roots
of each tuber were inoculated with approximately 3000-5000 J2s from the population
Lindley. After another two weeks, soil was removed and the plants were suspended in
funnels containing aerated water, to which a tap was attached. To collect males, funnels
were drained twice weekly into 50 ml tubes. After allowing 1 hour for males to settle to
the bottom of the tube, excess water was removed and the males counted. Males were
kept at 4ºC until sufficient numbers had been accumulated to inoculate the females.
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Infected plants containing only females from either populations Gourdie, Luffness, P4A
or P5A were laid horizontally on wetted sand:loam in root trainers and the roots
inoculated with approximately 250 males. Additional damp sand:loam was
subsequently placed over the roots and the root trainers were closed. The root trainers
were placed vertically after one week, and the plants were left for a further three weeks
before watering was stopped and the plants were left to dry out. Cysts were recovered
from the dried soil by flotation and collected on a 100 micron sieve. Cysts were stored
at 4ºC.

3.2.2 Genomic DNA Extraction
Genomic DNA was extracted as described in section 2.2.2, with the extracted DNA
resuspended in TE buffer [1 mM Tris-HCl, 0.1 mM EDTA (pH 8)]. These DNA
extracts were used to characterise the mtDNA of the parental populations from which
mtDNA population-specific primers were designed. For further analysis, including
establishing the reliability of the population-specific primers and characterising a
nuclear region in the parental populations, genomic DNA was extracted from cysts
collected from the parental controls. These cysts originated from the same pool of
hatched juveniles that were used to inoculate plants for the crossings, and thus may
better reflect the genetic identity of the true parentals.
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3.2.3 Nuclear and Mitochondrial DNA Amplification, RFLP Analysis and
Sequencing
To confirm the success of the experimental crosses a nuclear marker was used to
examine whether both maternal and paternal DNA was present in the progeny. Analysis
of the non-coding internal transcribed spacer (ITS) region has previously been shown to
differentiate between several G. pallida populations (Blok et al. 1998; Skantar et al.
2007; Thiéry and Mugniéry 1996). Amplification of the ITS region for RFLP analysis
used the primers described by Vrain et al. (1992) and the BIO-X-ACTTM Long DNA
Polymerase Kit (Bioline). Cycling conditions were 94ºC for 2 min, 35 cycles of 94ºC for
30 s, 66ºC for 30 s and 68ºC for 2 min, followed by 68ºC for 5 min. Approximately 100
ng of each PCR product from the parental populations and from each cyst from the
experimental crosses were digested for 90 min with RsaI (Promega). Products were
separated by electrophoresis on a 2% agarose gel and stained in ethidium bromide (1
μg/ml). To minimise background fluorescence gels were washed in water for 3 x 30
min.

Sequence analysis of the ITS region was also used to assess the success of the crosses.
Progeny and parental DNA were sequenced directly from purified PCR products of
amplifications with the primers described by Vrain et al. (1992), and the amplification
conditions described above. The ITS region from the parental populations P5A, P4A,
Luffness and Lindley were also cloned following amplification with the primers
described by Ferris et al. (1993). Amplifications used Taq (Promega) DNA polymerase,
and cycling conditions were 94ºC for 2 min, 40 cycles of 94ºC for 30 s, 50ºC for 15 s
and 72ºC for 1 min 30 s, with a final elongation of 72ºC for 4 min. For direct
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sequencing, PCR products were treated with ExoSAP-IT® (USB Corporation). For
sequencing from cloned products, PCR products were purified using the MinElute®
PCR Purification Kit (QIAGEN), cloned into the pGEM®-T Easy Vector System
(Promega), and transformed into α-Select Electrocompetent cells (Bioline). Positive
clones were purified using the GeneJETTM Plasmid Miniprep Kit (Fermentas).
Sequencing used the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems). Sequence data were analysed using ChromasPro (Technelysium Ltd.,
Tewantin), BioEdit (Hall 1999) and MAFFT (multiple sequence alignment based on
fast Fourier transform; Katoh et al. 2002).

Characterisation of the parental and progeny ~3.4 kb non-coding scmtDNA IV region
was performed as described in section 2.2.3 using primers s86F and x222F (Armstrong
et al. 2007). mtDNA sequences were analysed as described in section 2.2.4.

3.2.4 Population-Specific mtDNA Markers
The mtDNA sequence data from the parental populations were used to design
population-specific primers, in order to differentiate between the maternal and paternal
mtDNA in the crosses, i.e. between the population Lindley and the populations
Luffness, P4A and P5A (Table 3.1). However, there were insufficient genetic
differences between the populations Lindley and Gourdie to design such primers.
Population-specific primer pairs were designed to amplify fragments of different sizes,
and PCRs on DNA from the parental populations were first trialled under various
conditions to ensure the specificity of the primers, before the primers were used in
amplifications of the progeny. Reactions used either the BIO-X-ACTTM Long DNA
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Polymerase Kit, with an extension temperature of 68ºC, or the illustra PuReTaq ReadyTo-Go™ PCR Beads (GE Healthcare), with an extension temperature of 72ºC.
Otherwise, cycling conditions were 94ºC for 2 min, 35 cycles of 94ºC for 15 s, 55-60ºC
for 15 s, and template extension for 1 kb/min, followed by a final extension for 2 min.
To test whether the population-specific primers used on the progeny were amplifying
their targets, amplicons from one cyst were sequenced and compared to the target region
in the parental populations. High sequence identity (>90%) was used to establish
accurate primer binding. Amplicons from the progeny of a cross between populations
Lindley and P4A were sequenced both directly from the PCR product, as well as from
multiple clones, and compared with the 3.4 kb sequence data from the parental
populations.

Table 3.1 Primer combinations used to differentiate the mtDNA of the maternal and paternal populations
involved in each cross of Globodera pallida, and the expected size of the PCR products.

Populations
crossed
P5A X Lindley

Sequence (5‟-3‟)

mtDNA primers

Product
size
(bp)

Maternal-specific

&
P4A X Lindley

Pscmt4_sE_F

GGTTAGGTGCTGGAAGGAG

Pscmt4_sE_R

TAGGGCGAAAGAAGAGAGC

400

Paternal-specific

Luffness X

Escmt4_sP_F.2

GTGGTTTACCTTATGCTCTATTGC

Escmt4_sLP_R

AGAAGAGAAGGCGTGGAAGA

207

Maternal-specific

Lindley
Lscmt4_sE_R

GAGATTGGGAAGATAAAAGGTAGAGC

scmt4_F2

CGCTGCTCTGTACCTGGAG

587

Paternal-specific
Escmt4_sL_F

CGCAGGCATAGGGTAAATAA

Escmt4_sLP_R

AGAAGAGAAGGCGTGGAAGA
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For one cyst from the cross of populations Lindley and P5A, mtDNA sequence data
indicated a large deletion and an insertion relative to the mtDNA of the maternal
population. To determine whether this mtDNA molecule was present in the parental
populations or other progeny, one primer, P5AxE40_F (5‟GTTTTGGAGTGGGGTCTCG-3‟), was designed to cross the deletion, and another
primer, P5AxE40_R (5‟-AGAGCGAGAAGGGTCTACAAG-3‟) was designed to
anneal within the insertion. Amplifications with these primers were performed on
genomic DNA from the parental populations and on several progeny using the BIO-XACTTM Long DNA Polymerase Kit. Cycling conditions were 94ºC for 2 min, 35 cycles
of 94ºC for 30 s, 55-65ºC for 30 s and 68ºC for 2 min, with a final elongation of 68ºC for
5 min.

3.3 Results
To assess the impact that genetic divergence has on mtDNA paternal leakage, a series of
populations were experimentally crossed from the cyst-forming nematode G. pallida.
The population Lindley was kept as the male, and was crossed with females of the
populations P5A, P4A, Luffness and Gourdie. The progeny (cysts) were collected from
the crossings and analysed for the presence of maternal and paternal nuclear DNA, to
confirm the success of the crossings. mtDNA paternal leakage was then assessed using
a 3.4 kb mtDNA region. Characterisation of this region in the parental populations
demonstrated sufficient genetic variability between the populations crossed, with 79,
73-90, 89 and 99% sequence identity between the population Lindley (the male) and the
populations P5A, P4A, Luffness and Gourdie, respectively. The range of divergence
(73-90%) observed between P4A and Lindley is indicative of the genetic variation
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observed for this region in P4A (Armstrong et al. 2007).The extent of genetic variation
seen between these four G. pallida populations allowed population-specific primers to
be developed to amplify maternal or paternal mtDNA that may be present in the
progeny for almost all crosses. The region analysed was primarily non-coding, except
for six tRNA genes (tRNAPhe, tRNAIle, tRNAAsp, tRNAPro, tRNALys and tRNAVal)
accounting for 334 bp. Further, one primer annealed within the 16S rRNA gene (see
(Armstrong et al. 2007), thus 230 bp of the 5‟ end of the 3.4 kb fragment aligned to the
16S rRNA gene previously reported in scmtDNA IV, which may be a pseudogene
(Gibson et al. 2007b).

3.3.1 P5A Cross Lindley
The genetic divergence between the populations P5A and Lindley was, as expected, the
highest, with 79% identity in the 3.4 kb mtDNA region analysed. This enabled RFLP
and sequence analysis to demonstrate the presence of maternal and paternal nuclear
DNA in 9 of the 11 progeny collected from this experimental cross. RFLP analysis of a
1114 bp ITS region was performed on 8 progeny from this cross (Fig. 3.2a). Two
fragments of 222 and 289 bp present in the maternal population and absent in the
paternal population were also present in all 8 progeny, indicating the presence of
maternal DNA. A 520 bp fragment absent in the maternal population (P5A) and present
in the paternal population (Lindley) was present in 7 progeny, but absent in 1 progeny.
These RFLP patterns indicated the presence of paternal and maternal DNA in 7
progeny, and only maternal DNA in the eighth. Although it is possible that the absence
of the 520 bp fragment in one progeny is indicative of a polymorphism in the ITS
region at the restriction enzyme site, we consider this result to be unsupportive of a
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successful hybridisation in this progeny. Thus, the cross appeared successful in 7
progeny. Sequence data from the ITS region of one of these hybrids, and from an
additional 3 progeny of this cross were also used to assess the success of the cross in
these cysts. Polymorphic sites between sequence data from the two parental populations
were used, where the electropherogram of the progeny showed 2 bases at that site,
corresponding to the two different nucleotides in the parental sequences (for an example
of the electropherogram data of successful crosses, see Appendix 3.1). For the 881-965
bp analysed, 13 positions suggested the presence of both maternal and paternal DNA for
3 of the 4 progeny analysed (data not shown), with only maternal DNA detectable in the
fourth progeny. Thus, 9 cysts were hybrids.

1,500

1 2 3 4 5 6 7 8

1 2 3

1,500

1,000

1,000

700
641

700

500

520

500

300
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300

200

222

200

(a)

(b)

Figure 3.2 RFLP analysis of the nuclear internal transcribed spacer region digested with RsaI in the
parental populations and the progeny of experimental crosses of G. pallida. (a) Analysis of the cross
between populations Lindley (the male; lane 2) and P5A (the female; lane 3), shows the RFLP patterns
from 8 cysts of this cross (P5AXLindley 1-8; lanes 4-11). The molecular weight marker is a 100 bp DNA
ladder (G2101, Promega; lane 1). (b) Analysis of crosses of the population Lindley (the male; lane 7) with
the female populations P4A (lane 4), Luffness (lane 6) and Gourdie (lane 8). The respective progeny are
P4AXLindley (cysts 1-3; lanes 1-3), LuffnessXLindley (lane 5) and GourdieXLindley (lane 9). The
molecular weight marker is a 100 bp DNA ladder (G2101, Promega; lane 10).
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To test for the presence of parental mtDNA, maternal- and paternal-specific mtDNA
primers were used in PCRs of the DNA from the 9 hybrid cysts (see Table 3.2 for a
summary), and from the two progeny that appeared to have only maternal nuclear DNA
present (for examples, see Fig. 3.3 and 3.4). For the latter 2 progeny, only the maternal
primers produced amplicons. Amplifications from the DNA of 5 of the 9 hybrids also
produced a strong product with maternal primers and no amplification with paternal
primers. Sequencing the 3.4 kb region from 7 clones of one hybrid supported this result,
with all clones matching the maternal mtDNA (>98% identical). Thus, no paternal
mtDNA was detected in these hybrids. The DNA from 2 hybrids failed to amplify with
either primer combination. To investigate the underlying reason for this failure, the
entire 3.4 kb region was amplified from one of these hybrids, cloned, and 10 clones
sequenced. This revealed a 122 bp deletion across one of the primer-binding site in all
clones, as well as a 148 bp insertion, relative to the maternal sequence data. The clones
otherwise matched the maternal mtDNA (>98% identical). The insertion and deletion
were unrelated. The inserted sequence did not match any other scmtDNA sequences in
GenBank, but did partially align with another region in the maternal mtDNA (76%
identical). Primers designed to specifically amplify this „insertion/deletion‟ mtDNA
molecule were successful on the 2 hybrids that failed to amplify with populationspecific primers, but were unsuccessful on the parental populations. It is possible that
this insertion/deletion mtDNA molecule may have formed recently, and therefore is not
fixed in the population. Amplifications from the DNA of the remaining 2 of the 9
hybrids from this cross failed with the maternal-specific primers and with the primers
specific to the insertion/deletion mtDNA molecule. However, the paternal-specific
primers amplified a strong PCR product. The 3.4 kb region was sequenced in 10 clones
from each of these, with all 20 clones matching paternal mtDNA (>98% identical).
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Thus, the maternal mtDNA appeared replaced by paternal mtDNA in 2 of the 9 (22%)
hybrids sequenced, with maternal mtDNA accounting for less than 9% of mtDNA in
these hybrids (10/10 clones).

Table 3.2. Summary of mitochondrial DNA amplifications on progeny from crossed Globodera pallida
populations using population-specific mtDNA primers, and sequencing of multiple clones of the 3.4 kb
mtDNA region from several of these progeny.
Population-specific
Progeny
of the
cross
(♂ X ♀)

Sequence

mtDNA

No. of
No.

mtDNA

progeny

clones

screened

sequenced

the

per PCR

from a

parentalsa

result

representative

identity

amplifications

between

maternal

b

paternal

Identity
of the
mtDNA

Proportion of
progeny with
paternal

clonesa

replacementc

all ♀

22%

progenya
Lindley X

79%

++

P5A

Lindley X

e

73-90%

P4A
Lindley X

-

5

7

-

-

2

10

all ♀

-

++

2

10, 10

all ♂

++

+

3

10

all ♀

+

++

2

1, 9

all ♂

40%

5 ♀ and

89%

Luffness

d

++

-

1

10

5 similar

0%

to P4Af
Lindley X
Gourdie

98%

mtDNA sequences
were too similar to
design population-

1

10

♀ and/or

-

♂

specific primers
a

Relative to the ~3.4 kb mtDNA region

b

The amplification product is indicated as „++‟ for strong, „+‟ for weak, and „-‟ for no amplification

c

Where paternal mtDNA is a dominant mtDNA type; based on a „++‟ paternal mtDNA amplification

d

Except for a 148 bp insertion and a 122 bp deletion in the progeny

e
f

P4A has several unique sequence variants of this region

PCR analysis suggests that P4A-type clones were inherited from the maternal population

104

4 5

6 7

P5AXLindley
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P5A
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P5A
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400
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207
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Figure 3.3 Example amplifications of the progeny from an experimental cross of G. pallida populations
Lindley (the male) and P5A (the female), and from the parental populations using population-specific
mtDNA primers to detect maternal and paternal mtDNA. The progeny from P5AXLindley cysts 1 and 3-7
were identified as hybrids. (a) Maternal-specific mtDNA primer amplifications of 7 progeny (cysts 1-7;
lanes 3-9), the paternal population (lane 10) and the maternal population (lane 11). The molecular weight
marker (G1731, Promega) is in lane 2. (b) Paternal-specific mtDNA primer amplifications of 7 progeny
(cysts 1-7; lanes 2-8), the maternal population (lane 10) and the paternal population (lane 11). The
molecular weight marker (G1731, Promega) is in lane 1.
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Figure 3.4 Example amplifications of selected parental populations and several progeny from
experimental crosses of males from the G. pallida population Lindley, with females from populations
P5A and P4A. Population-specific mtDNA primers were used to detect maternal and paternal mtDNA in
a maternal population (P4A; lane 2), the paternal population (Lindley; lane 3), 3 progeny from
P5AXLindley (cysts 9-11; lanes 4-6), and 3 progeny from P4AXLindley (cysts 4-6; lanes 7-9). A 1 kb
DNA ladder (G571, Promega) is in lane 10. The progeny from P5AXLindley cysts 9 and 10 and from
P4AXLindley cysts 5 and 6 were identified as hybrids using a nuclear marker. Nuclear DNA analysis was
not performed on P4AXLindley cyst 4. (a) Maternal-specific mtDNA primer amplifications. (b) Paternalspecific mtDNA primer amplifications.

3.3.2 P4A Cross Lindley
The genetic identity between populations P4A and Lindley (73-90% for the 3.4 kb
mtDNA region analysed) was generally higher than between populations P5A and
Lindley (79%). Thus, discrimination of the parental populations was more difficult. The
ITS region of 3 progeny were analysed by RFLP analysis. However, this was only able
to indicate the presence of the maternal nuclear DNA (Fig. 3.2b). RFLP patterns of the
parental populations were identical, except for fragments of 289 and 222 bp that were
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only present in the maternal population (P4A). These maternal markers were present in
the progeny.

Due to the lack of paternal-specific RFLP markers between populations P4A and
Lindley, we compared ITS sequences between parentals and progeny to confirm the
success of this cross. Sequence data from the ITS region (591-1096 bp) of these 3
progeny, as well as from an additional 2 progeny of this experimental cross were
analysed relative to the parental ITS sequences (data not shown). Due to intrapopulation variation, there were no sites where the maternal and paternal DNA had
uniquely different nucleotides. However, there were several sites in which intrapopulation polymorphisms were specific to one parental DNA, with evidence of only
one nucleotide at that site in the other parental DNA. Polymorphisms at these sites in
the progeny were used to indicate the presence of the parental DNA that shared that
polymorphism. There were two such sites used to predict the presence of paternal DNA
in the progeny, and one site used to predict the presence of maternal DNA. This analysis
suggested that 4 of the 5 progeny analysed from this cross had both maternal and
paternal DNA present, with the fifth progeny having only maternal DNA present. This
conclusion is supported by the presence of both maternal and paternal mtDNA in these
4 progeny, but only maternal mtDNA in the fifth progeny (see below).

mtDNA was analysed in the 5 progeny used in the ITS analysis, and from an additional
progeny from this cross. The additional progeny were used in amplifications with
maternal- and paternal-specific mtDNA primers, but the extraction yielded insufficient
DNA to analyse the ITS region also. As DNA from this progeny amplified with
paternal-specific primers (Fig. 3.4b), we consider this evidence that the cross was
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successful for this cyst. These population-specific primers produced varying proportions
of maternal and paternal mtDNA products for these 6 progeny (see examples, see Fig.
3.4; for a summary, see Table 3.2). For the progeny that failed to indicate the presence
of maternal and paternal DNA in the ITS analysis, only maternal mtDNA amplified
using the population-specific primers. Further, sequence data of the 3.4 kb mtDNA
region from 10 clones matched the maternal mtDNA (with >98% identity), thus this
cyst was not considered a successful hybrid. Strong products amplified with maternalspecific primers, and weakly with the paternal-specific primers for 3 progeny. The
sequence data from the 3.4 kb region of 10 clones from one of these progeny only
matched maternal mtDNA (>98% identical). For 2 progeny, both maternal- and
paternal-specific primers amplified. Sequence data from the 3.4 kb region in 9 clones of
one progeny and 1 clone of the other progeny all matched the paternal mtDNA (>98%
identity). Thus, paternal leakage occurred in 3 of the 5 (60%) hybrid cysts analysed
from this cross. Further, the paternal mtDNA predominated over the maternal mtDNA
in 2 of the 5 (40%) hybrid cysts analysed, with maternal mtDNA accounting for less
than 10% of mtDNA in one hybrid (9/9 clones), and less than 50% of the mtDNA in the
other hybrid (1/1 clone). Additional sampling will be required to obtain more precise
estimates of paternal and maternal mtDNA frequencies.

3.3.3 Luffness Cross Lindley
Populations Lindley and Luffness are both from the UK, and their genetic identity is
high. A comparison of the sequence data from the ITS region indicated that there was
insufficient variation in these sequence data to distinguish these populations. However,
this analysis also demonstrated that there was intrapopulation variation in the ITS
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region of both these populations. This variation corresponded to different RFLP
patterns. RFLP analysis of the parental and progeny ITS regions indicated that the
nuclear DNA of the progeny may be a composite of that of the parental populations
(Fig. 3.2b). Fragments present in the paternal and maternal DNA (520 and 641 bp), and
fragments specific to the maternal DNA (Luffness; 222 and 289 bp) were all present in
the progeny. This indicated the presence of maternal DNA. However, the maternalspecific fragments of 222 and 289 bp appeared to be at a lower concentration in the
progeny. Using ethidium-bromide staining, these fragments were observed to fluoresce
less than that of the maternal population when viewed under UV light, despite similar
fluorescent intensities of the 520 and 641 bp fragments in the progeny and the maternal
RFLP patterns. If the cross was unsuccessful, then the RFLP pattern would be expected
to be identical to either that of the maternal population, or that of the paternal
population. However, based on these relative fluorescence intensities, there is variation
between the RFLP pattern of the progeny, and either parent. This variation is consistent
with the presence of both maternal and paternal ITS alleles being present, supporting the
success of the experimental cross.

The maternal-specific mtDNA primers amplified a strong product, while the paternalspecific primers failed to amplify. Analysis of 10 clones of the 3.4 kb region from this
cross demonstrated that while 5 clones matched the maternal mtDNA (>98% identical),
the other 5 were only 91% identical. The latter 5 clones were compared with all other
scmtDNA IV sequences available, in order to assess the origin of these molecules. This
indicated that these clones were more similar (>98% identical) to representatives of the
population P4A. Therefore, these differing clones were likely the result of
intrapopulation variation, derived from one or several South American ancestors. To
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assess the immediate parental origin of this molecule, the primer pair specific to the
population P4A was trialed on the parental populations of this cross; Lindley and
Luffness. Only DNA from the population Luffness amplified, suggesting that the
progeny inherited the P4A-type molecule from the maternal population. Therefore, there
was no evidence of paternal leakage in this experimental cross.

3.3.4 Gourdie Cross Lindley
For the cross of the UK populations Gourdie and Lindley, the ITS region was unable to
distinguish the parental populations. RFLP patterns were identical for populations
Gourdie and Lindley, as well as the progeny of this cross, and thus were inconclusive
(Fig. 3.2b). The mtDNA regions sequenced for populations Gourdie and Lindley were
almost identical (>98% identical). Thus, these genetic markers were unable to
distinguish the two populations. Further, the mtDNA sequence data from the 3.4 kb
region in the progeny from this cross shared >98% identity with both parentals. Thus,
mtDNA paternal leakage could not be assessed in this cross.

3.4 Discussion
In this study, we examined whether paternal leakage was affected by the level of genetic
divergence between two hybridising organisms, using populations of the nematode G.
pallida. Measurement of the level of genetic divergence between the hybridising
populations was facilitated by sequencing a 3.4 kb non-coding region of the
mitochondrial genome. This established that the populations were 79, 73-90, 89 and
99% identical when mtDNA from the Lindley population was compared with other
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isolates. This enabled the effect that genetic distance has on paternal leakage to be
assessed in the progeny of these crosses. From this analysis, no paternal leakage was
detectable in crosses of the more closely related populations: those that were 99% and
89% identical. For the crossed populations that were more divergent (73-90% identical),
all hybrid cysts had paternal leakage. For the most divergent cross (79% identical), 22%
of hybrids had paternal mtDNA present, with no evidence of maternal mtDNA (termed
paternal replacement).

Paternal mtDNA replacement has only previously been reported in Drosophila (Kondo
et al. 1990; Niki et al. 1989). Niki et al. (1989) monitored maternal and donor mtDNA
proportions following in vitro transplantation of interspecific germplasm in 4
Drosophila lines. The proportion of mtDNA from the donor increased gradually with
each generation. After 14-17 generations of brother-sister mating, only donor mtDNA
was detected in 2 of the 4 lines (50% paternal replacement). Kondo et al. (1990) also
observed complete paternal mtDNA replacement in an interspecific cross after 10
backcrosses in 3 of 191 Drosophila lines (1.6%), but not in 140 Drosophila lines from
an intraspecific cross. Both maternal and paternal mtDNA were present in another
Drosophila line from the interspecific cross, indicating paternal leakage in 4 of 191
lines (1.2%). Although they report the total proportion of paternal mtDNA present per
fertilisation as 0.1% (4/331 X 10), this was not monitored at earlier generations.

Paternal leakage is suggested to be associated with hybrid zones (Saville et al. 1998),
where the reproductive barriers between hybridising species or populations may not be
efficient at preventing paternal mtDNA inheritance (Wagner et al. 1991). In the present
study, paternal mtDNA leakage appeared to peak in the progeny from crossings of
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intermediate genetic divergence in G. pallida, although further sampling is needed to
support this finding. Our results are comparable to that of Sherengul et al. (2006), where
paternal leakage was reported in various intra- and inter-specific crosses of Drosophila
sp., although the genetic similarity between crossed organisms was not specified. Using
3 species, 2 intraspecific and 3 interspecific crosses were performed, involving 6 strains.
Hybrids were backcrossed once with either maternal or paternal strains, and paternal
leakage was reported in 31% of individuals from the intraspecific cross. The ITS
sequence data from the 3 Drosophila species (Schlötterer et al. 1994) can be used to
estimate the relatedness of the crossed organisms, as can the ITS sequence data from the
G. pallida populations (Table 3.3). This indicates that for the more closely related
interspecific Drosophila cross, paternal leakage was reported in 33% of individuals, and
for the more distantly related cross, 51% had paternal leakage. Thus, paternal mtDNA
leakage appeared to increase with increasing genetic distance in Drosophila.
Interestingly, Sherengul et al. (2006) observed that the proportion of paternal mtDNA
was higher in lines backcrossed with paternal strains than those that had been
backcrossed with maternal strains, suggesting further incorporation of paternal mtDNA
during the backcross.
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Table 3.3. Comparison of varying genetic relatedness and paternal mtDNA leakage in experimental
crosses of G. pallida populations from the present study and of Drosophila strains from Sherengul et al.
(2006).
ITS sequence
Species and populations or strains crossed

identity between
parentals

Number with

Proportion

paternal

with paternal

mtDNA/total

leakage

screened

a

Intraspecific Globodera crosses
G. pallidaXG. pallida
GourdieXLindley (99%b)

-

99.44873%

undetermined

99.11797%

0/1

99.66924%

5/5

98.12569%

2/9

Undescribed

156/498

31%

D. simulansXDrosophila sechellia

97.92994%c

70/214

33%

D. mauritianaXD. simulans

97.69108%c

260/509

51%

LuffnessXLindley (89%b)
P4AXLindley (73-90%b)
P5AXLindley (79%b)

0%
100%
22%

Intraspecific Drosophila crosses
D. mauritianaXD. mauritiana and
D. simulansXD. simulans
Interspecific Drosophila crosses

a

Based on the number of hybrid cysts analysed for G. pallida or individual hybrids analysed for

Drosophila sp. backcrossed once
b

Sequence identity based on the ~3.4 kb non-coding mtDNA region analysed

c

Calculated using ITS sequences described by Schlotterer et al. (1994)

Several studies have reported that the amount of leaked paternal mtDNA decreases
during development. In mice, paternal mtDNA leakage in an intraspecific cross was
observed in 90% of early embryos, but absent at every subsequent stage of development
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analysed. The same analysis on interspecific crosses observed paternal mtDNA in 7172% of early embryos, but in only 56% of mice at the neonatal stage (Kaneda et al.
1995). Paternal leakage was also observed in 6.6% of mice ovaries from interspecific
hybrids, but not in subsequent backcrosses (Shitara et al. 1998). In Apis mellifera, the
proportion of paternal leakage in 25 intraspecific hybrids averaged 27% immediately
following insemination, but gradually decreased to approximately 2% by the larval
stage (Meusel and Moritz 1993). Thus, it is proposed that there is a species-specific
mechanism to recognise and eliminate paternal mitochondria and mtDNA in animals
(Kaneda et al. 1995; Sutovsky et al. 1999). Contrary to these studies, Fontaine et al.
(2007) observed an increase in paternal mtDNA with increasing age of the progeny in
interspecific crossings of cicadas (from 4.5% 1 day after fertilisation, up to 67% after 16
months). In the present study paternal mtDNA was dominant in 4 hybrid cysts;
accounting for at least 91% of the mtDNA present in 2 hybrids from the cross of
populations 79% identical, and accounting for 90% of the mtDNA present from a
hybrid of the cross of populations 73-90% identical. Thus, if paternal mtDNA is
degraded during development, this would potentially eliminate most if not all of the
mtDNA molecules present. Further studies of G. pallida are needed to determine the
levels of paternal leakage throughout development, and in subsequent generations.

Several studies have used mathematical models to predict the effect of paternal mtDNA
leakage on phylogenetic and population genetic analysis (Chapman et al. 1982;
Takahata and Maruyama 1981). These studies suggest that even small amounts of
paternal leakage can impact these analyses, for example, by skewing estimates of gene
flow and genetic diversity. Using G. pallida as a model system, we have demonstrated
that under certain conditions, paternal mtDNA leakage can occur extensively, and that
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hybrid zones are the most likely source of paternal mtDNA inheritance. Thus, these
observations support the concept of inefficient reproductive barriers between
hybridising species. However, the model system for this analysis was a nematode, and
the differences between the reproductive mechanisms in nematodes, relative to other
animals, should be considered. The ultrastructure of Globodera sperm are amoeboid,
with the mitochondria distributed evenly throughout the cytoplasm. Thus, segregation
of the mitochondria from the nucleus does not occur as in the sperm of many other
animals. In fact, the sperm mitochondria aggregate around the nucleus after maturation
(Shepherd et al. 1973). This suggests that many more sperm mitochondria may enter the
Globodera nematode egg, when compared with other animals. Nematode sperm contain
approximately 100 mitochondria, while eggs contain at least 1000 (Komuniecki et al.
1993). In other animals, this ratio is much lower. For example, in mammals this ratio is
100:105-108 (Cree et al. 2008; Pikó and Matsumoto 1976). Further, sperm mitochondria
remain abundant after insemination in nematodes (Cares and Baldwin 1994). Thus, the
potential for paternal leakage may be higher in nematodes than in other animals. The
results reported here contrast with those reported for another nematode, Ascaris suum,
in which mtDNA inheritance was found to be exclusively maternal (Anderson et al.
1995). However, the purpose of our study was to focus on conditions that were most
likely to lead to paternal leakage – we do not expect it to be so common in natural
populations, in which mtDNA inheritance may be predominantly maternal. Our
observations may be exemplified situations of paternal mtDNA inheritance that are
associated with hybrid zones. It should also be noted that in other cyst-forming
nematodes up to 3 males are capable of mating with the one female (Green et al. 1970;
Triantaphyllou and Esbenshade 1990). Thus, the different eggs within a single cyst may
be fertilised by sperm from different males. However, this should not affect the
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conclusions of the present study, as the identity of the direct parentals was not
determined, and 5 cysts were used to represent the parental populations.

This study has significant implications, as mtDNA inheritance may not be strictly
maternal, particularly when divergent populations interbreed. Further studies of mtDNA
inheritance in natural populations within hybrid zones are needed to establish the
prevalence and frequency of paternal mtDNA inheritance.
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CHAPTER 4: A Comparison of Three Molecular Markers
for the Identification of Populations of Globodera pallida
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4.1 Introduction
The potato cyst nematode (PCN) Globodera pallida is a significant agricultural pest.
Annually, G. pallida and Globodera rostochiensis are responsible for the loss of over
12% of potato yields worldwide (Bates et al. 2002), with associated costs estimated at
£43 million in the UK (Haydock and Evans 1998) and £300 million in Europe (Ryan et
al. 2000). Infestations of PCN are most extensive in Europe, South America, and New
Zealand, but are also reported for India and Africa (Evans and Stone 1977). However, in
North America PCN are rare, and in Australia, only G. rostochiensis has been reported
(Hafez and Sundararaj 2007). In many countries there are strict quarantine regulations
aimed at preventing the introduction and spread of G. rostochiensis and G. pallida as it
is predicted that an infestation of G. pallida in Australia, for example, will cost up to
AUD$20 million annually (Hodda and Cook 2009). Thus, there is a need to further
understand the global migration of PCN, and to establish definitive diagnostic
approaches. This also applies to the various populations of PCN which are recognised,
as pathotype variants and in particular for G. pallida for which single major gene
resistance has not been found for use in potato breeding (Phillips and Trudgill 1998).

There are many divergent populations of G. pallida, which most likely originated in
Peru (Canto Saenz and De Scurrah 1977; Evans and Stone 1977; Picard et al. 2007), the
origin of its main host, Solanum tuberosum (Hijmans and Spooner 2001). The initial
migration of G. pallida out of South America is suggested to have occurred during
exportation of infected S. tuberosum to Europe or with guano, with global distribution
likely radiating from there (Evans and Stone 1977; Stone 1985). As G. pallida has few
distinguishing morphological characteristics, various molecular markers have been used
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to attempt to differentiate between these populations and elucidate their evolutionary
histories. These include the nuclear ITS region between (and including part of) the 18S
and 28S ribosomal RNA genes (Blok et al. 1998; Pylypenko et al. 2005; Subbotin et al.
2000). The ITS region has also been used in conjunction with other molecular markers,
including microsatellites (Grenier et al. 2001), and the mtDNA gene, Cytb (Madani et
al. 2010). Microsatellites and Cytb have also been used as independent markers (Picard
and Plantard 2006; Picard et al. 2004; Pylypenko et al. 2008), and in conjunction with
one another (Picard et al. 2007; Plantard et al. 2008). Although there are two copies of
Cytb in the mtDNA on different mtDNA molecules in the atypical mitochondrial
genome of G. pallida, they are 99% identical (Gibson et al. 2007b), permitting its use as
a phylogenetic marker (Madani et al. 2010). This genome consists of several unique
scmtDNA molecules, which have an overlapping genetic organisation, such that large
multigenic regions are represented on several scmtDNAs (Armstrong et al. 2000;
Gibson et al. 2007b). Other, potential genetic markers include pathogenicity factors
(Geric Stare et al. 2010). Several schemes have been proposed to group PCN based on
their ability to reproduce on different hosts (Canto Saenz and De Scurrah 1977; Kort et
al. 1977). Thus, pathogenicity factors may be suitable as molecular markers to
discriminate these pathotypes, and potentially different populations. This has only been
assessed using a pectate lyase pathogenicity factor, with no correlation observed
between pathotypes of PCN and the pathogenicity factor (Geric Stare et al. 2010).
Another potential pathogenicity factor, the rbp-1 gene, a homologue of the gene
RanBPM may be useful as a genetic marker. Analysis of the cDNA of rbp-1 showed
substantial sequence variation for multiple G. pallida populations (Blanchard et al.
2005; Qin et al. 2000; Sacco et al. 2009). However, its suitability as a molecular marker
is yet to be determined.
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Here we assess the ability of three molecular markers to resolve various populations of
G. pallida as reciprocally monophyletic groups. Populations from South America (P5A
and P4A) and the UK (Luffness, Gourdie and Lindley) were analysed targeting a region
of the rbp-1 gene, the ITS region and a novel marker for G. pallida, a ~3.4 kb mtDNA
region. This region is primarily non-coding, except for the ~0.5 kb of the 5‟ end coding
for 16S ribosomal RNA. This region is specific to one scmtDNA molecule (Armstrong
et al. 2000; Armstrong et al. 2007), and thus should be represented once in the
collection of mitochondrial genes present on the six scmtDNA circles.

We also assessed the ability of these three markers to recover previously proposed
phylogenetic relationships between these populations. Phylogenetically informative
markers will improve our understanding of the historical distribution of G. pallida,
enabling the prediction of infestation routes and the development of more sensitive
diagnostic methods, which may lead to markers that can distinguish pathotypes.

4.2 Materials and Methods
4.2.1 Retrieval of ITS and Non-Coding scmtDNA IV DNA Sequences
Sequences of the ITS region (965 bp) were retrieved for five populations of G. pallida
(see Chapter 2; and for GenBank accession numbers, see Table 4.1). The populations
included P5A and P4A from South America, and Luffness, Gourdie and Lindley from
the UK. In total 24 sequences were retrieved, with accession numbers from HQ670253
to HQ670264 each representing two identical clones, and HQ670263 representing three
identical sequences (i.e. 28 G. pallida ITS sequences in total were used for analysis).
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Sequences of the scmtDNA IV non-coding region (~3.4 kb) from population P4A were
also retrieved from GenBank (see Table 4.1), totalling 10 clones. ITS and scmtDNA IV
region sequences were generated by randomly sequencing multiple clones from
amplifications of genomic DNA extracted from multiple pooled cysts; 5-8 cysts for the
ITS region and 200 cysts for the scmtDNA IV region of P4A (Armstrong et al. 2007).
These studies used cysts from the population stocks at the Scottish Crop Research
Institute. The ITS and non-coding mtDNA regions of G. rostochiensis were also
retrieved from GenBank (see Table 4.1), which were used as outgroup sequences for
phylogenetic analyses.

Table 4.1. Accession numbers of sequences used for phylogenetic analysis.
Species and

Retrieved from GenBank

population

ITS region

Generated in this chapter
rbp-1

scmtDNA IV region

G. pallida
P5A

HQ670263-HQ670265b

HQ730111-HQ730116

HQ670308- HQ670316

P4A

HQ670257-HQ670262

HQ730106-HQ730110

DQ288929- DQ288939a

Luffness

HQ670253-HQ670256b

HQ730101- HQ730105b

HQ670299- HQ670307

Gourdie

HQ670247-HQ670252

HQ730096-HQ730100

HQ670290- HQ670298

Lindley

HQ670242-HQ670246

HQ730090-HQ730095

HQ670282- HQ670289

GQ294521

HQ730117

EF193005

G. rostochiensis
a

The scmtDNA IV region of P4A was characterised by Armstrong et al. (2007)

b

Some accession numbers are representative of clones with identical sequences; all sequences, including

duplicates were used for analysis
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4.2.2 Sequencing of scmtDNA IV and rbp-1 Sequences
The scmtDNA IV region was characterised in the four remaining populations; P5A,
Luffness, Gourdie and Lindley, using the same approach described for characterising
the ITS and mtDNA sequences; by randomly sequencing multiple clones from
amplifications of genomic DNA extracted from 5-8 cysts for each of these five
populations from the nematode collection at the Scottish Crop Research Institute.
Sequences of the rbp-1 gene from all five G. pallida populations were also characterised
in this way. DNA was extracted by the method of Sunnucks and Hales (1996).
Amplification of the scmtDNA IV non-coding region used the primers s86F and x222F
(Armstrong et al. 2007), and the BIO-X-ACTTM Long DNA Polymerase Kit (Bioline).
Cycling conditions were 94°C for 2 min, 35-40 cycles of 94°C for 30 s, 57°C for 30 s
and 68°C for 5-10 min, followed by 68°C for 10 min. Amplification of the rbp-1 gene
region used the primers RBP-F (5‟- GCTCTGTCTTCGCTGTTGAG-3‟) and RBP-R
(5‟- CCCGGAGCATACACCGTTA-3‟), and either Taq (Promega) or BIOTAQ
(Bioline) DNA polymerases. Cycling conditions were 94°C for 2 min, 40 cycles of
94°C for 30 s, 55° for 15 s, and 72°C for 1 min 30 s, with a final elongation of 72°C for
4 min.

PCR products were purified using either the MinElute® Gel Extraction Kit (QIAGEN)
or the Wizard® SV Gel and PCR Clean-Up System (Promega), and ligated into the
pGEM®-T Easy Vector System (Promega). Ligated products were transformed into
either chemically competent JM109 Escherichia coli cells (Promega) or α-Select
Electrocompetent cells (Bioline). Plasmid DNA was purified using either the
GeneJETTM Plasmid Miniprep Kit (Fermentas) or the Wizard® Plus SV Minipreps
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DNA Purification System (Promega). Sequencing reactions were performed using the
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), and sequences
edited using ChromasPro (Technelysium Ltd., Tewantin) and BioEdit (Hall 1999).
Protein-coding sequences were conceptually translated using Transeq
(http://www.ebi.ac.uk/Tools/emboss/transeq/index.html).

For use as an outgroup, G. rostochiensis genomic DNA was also extracted and a region
of the rbp-1 gene amplified and sequenced. DNA was extracted from a single cyst by
the method of Sunnucks and Hales (1996). Amplification used the primers Rbp-F-Gro
(5‟-CGCTATGTGTTTGCTAAACAG-3‟) and Rbp-R-Gro (5‟CCAGGCATGAACATCGAAA-3‟), and the BIOTAQ DNA polymerase as described
above for the rbp-1 gene from G. pallida. The PCR product was directly sequenced
following treatment with ExoSAP-IT® (USB Corporation).

Accession numbers of the sequences generated in the present study are shown in Table
4.1. For the scmtDNA IV region characterised in four G. pallida populations, a total of
120 clones were sequenced. For the rbp-1 gene characterised in five G. pallida
populations, a total of 28 clones were sequenced, with accession number HQ730104
representing two identical clones.

4.2.3 Sequence and Phylogenetic Analysis
Sequence data were aligned using MAFFT (multiple sequence alignment based on fast
Fourier transform) (Katoh et al. 2002) using the generic mode for globally-alignable
sequences (G-INS-I), as this approach was found to be most reliable in a comparison of
123

six popular alignment approaches (Golubchik et al. 2007). Visual inspection of the
alignments did not identify misalignments. cDNA sequences of the rbp-1 gene of G.
pallida (Sacco et al. 2009) and G. rostochiensis (Qin et al. 2000) were used to identify
intron and exon boundaries. Coding and non-coding regions were aligned
independently, and aligned sequences then concatenated to restore the data sets. For the
non-coding mtDNA region of G. rostochiensis, a region homologous to the retrieved G.
pallida sequences was identified (from 5504-8531 bp of accession number EF193005).
Terminal gaps in the alignments which were known to be due to missing data were
specified as a „?‟. An additional data set was created containing all three DNA regions;
the rbp-1 gene region, the ITS region and the ~3.4 kb mtDNA region. Due to the
different number of clones that had been sequenced from each gene and population, five
randomly selected clones of each population (i.e. 25 sequences) and the outgroup from
each DNA region were individually aligned, and subsequently concatenated. This
number was chosen to minimise the amount of missing data in the combined dataset.
The alignment of this combined data set has been submitted to TreeBase
(http://purl.org/phylo/treebase/phylows/study/TB2:S11163). Thus, seven data sets were
used for phylogenetic analysis; complete and „reduced‟ data sets for each of the three
individual DNA regions, and a combined data set including the three reduced data sets.

To quantify the divergence between sequences, genetic distances were calculated in
MEGA4 (Tamura et al. 2007), specifying the Kimura-2-parameter (k2p) substitution
model for DNA sequences (Kimura 1980), and the p-distance model for amino acid
sequences, with the pairwise deletion option specified for the treatment of gaps/missing
data for both DNA and amino acid sequences (as recommended by Dwivedi and
Gadagkar 2009).
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Neighbour-Joining (NJ) and Bayesian Inference (BI) methods of phylogenetic analysis
were performed on each data set. NJ is a distance-based method in which a specified
standard model of evolution is applied for the entire dataset. NJ was implemented in
MEGA4 (Tamura et al. 2007), with the k2p model of substitution specified (Kimura
1980), and the pairwise deletion option applied for gap treatment (as recommended by
Dwivedi and Gadagkar 2009). The reliability of the various nodes resolved was
assessed using 1000 bootstrap replications. The other phylogenetic method applied, BI,
is a likelihood-based method that uses a Markov chain Monte Carlo algorithm, which
runs multiple simultaneous analyses or „chains‟, considering the average branch lengths,
tree topologies, as well as evolutionary parameters of each, and predicts the phylogeny
based on the distribution of these (Huelsenbeck et al. 2001). BI also allows the user to
specify different models of evolution for different regions in a data set. BI was
implemented in MrBayes v3.1.2 (Ronquist and Huelsenbeck 2003), following
prediction of the optimal model of evolution using MrModeltest, based on the Akaike
information criterion (Nylander 2004). The protein-coding gene, rbp-1, was modelled
both in its entirety, and as a partitioned dataset where the first, second and third codon
positions and introns were independently modelled. A comparison of the predictive
likelihoods of these two models (the Bayes factor) was used to evaluate the two
modelling approaches (Kass and Raftery 1995). This indicated that the less complex
model was least favoured, thus the partitioned model was used. However, Bayesian
analyses of partitioned data sets are susceptible to becoming trapped in local optima
(Marshall 2010). To counter this, an additional command was employed [prset
applyto=(all) brlenspr=Unconstrained:Exponential (100)]. BI analyses ran four
independent Markov chain Monte Carlo chains for 1000000 generations each, sampling
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every 100th tree. Analysis of these independent chains indicated that stationarity (or
“burnin”) was reached at no later than 50,000 generations; thus, the first 500 trees were
discarded from each analysis as the burnin. The remaining trees were used to generate a
majority consensus tree. Trees were visualised using TreeView v1.6.6 (Page 1996).

4.3 Results
4.3.1 Sequence Divergence
The ability of three phylogenetic markers to resolve populations of G. pallida was
assessed using multiple representatives of five populations; P5A and P4A from South
America, and Luffness, Gourdie and Lindley from the UK. G. rostochiensis was used as
an outgroup. The most suitable population marker will have the greatest difference
between intra- (within) and inter- (between) population genetic variation, i.e. the genetic
variation within populations will not mask the variation between populations. The
average intra- and inter-population k2p genetic distances were calculated for all
representative of each DNA region (Appendix 4.1; and summarised in Table 4.2). The
inter-species genetic distances, between G. pallida and G. rostochiensis, were also
calculated. From these analyses, the rbp-1 gene region appeared to be least suitable as a
population marker, with the least difference between intra- and inter-population genetic
distances (0.0043). The rbp-1 gene sequences were 851-884 bp, of which ~512 bp were
from introns. The difference between intra- and inter-population genetic distance was
slightly greater for the ITS region (0.0051), and a substantially greater difference for the
scmtDNA IV region (0.0959). Thus, the scmtDNA IV region appears to be the most
suitable marker. However, as the scmtDNA IV region from the population P4A was
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amplified from genomic DNA extracted from up to 40 times as many representative
cysts as the other populations, these results may have been biased. To assess this, the
analysis was repeated, but excluding the scmtDNA IV data from population P4A. The
impact of this additional data appeared to be minimal, as the analysis did not
substantially change the difference between intra- or inter- population genetic distances
(Table 4.2). However, it should be noted that these estimates were based on fixed
characters, where complete sequences were compared with one another. Discrimination
of populations by DNA barcoding has been suggested to be improved by diagnostic
character-based analyses that focus on the presence or absence of discrete nucleotide
substitutions (Rach et al. 2008). However, a comparison of these approaches with a
range of datasets is needed to establish the applicability of this method for varying
datasets.

Table 4.2. Average genetic distances between and within sequences representative of 5 populations of G.
pallida, and between these and G. rostochiensis based on three DNA regions and a polypeptide.
Average genetic distance
Target region

Difference between

Inter-

Inter-

Intra-

intra- and inter-

specific

population

population

population variation

ITS region

0.0300

0.0111

0.0060

0.0051

scmtDNA IV non-coding

0.5458

0.1185

0.0226

0.0959

Excluding P4Aa

0.5492

0.1102

0.0022

0.1081

0.3737

0.0210

0.0168

0.0043

0.4181

0.0303

0.0229

0.0075

DNA sequences

rbp-1
Amino acid sequences
rbp-1
a

Genomic DNA used for amplifying the scmtDNA IV fragment of population P4A had 25 times as many

population representatives as any other population
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To perform a preliminary assessment on the utility of the rbp-1 protein sequences as a
suitable marker, the exons were conceptually translated, aligned (Appendix 4.2), and
pairwise p-distances calculated (Appendix 4.1, and summarised in Table 4.2).
Inspection of the alignment indicated that sequence variation was not localised to
specific populations. This was further supported by a small difference between intraand inter-population genetic divergences (0.0075), suggesting that this would not be a
more suitable marker than the three DNA markers analysed. Phylogenetic analysis was
not performed on this protein sequence.

4.3.2 Phylogenetic Analysis of Individual Data Sets
NJ and BI phylogenetic analyses were preformed for each individual DNA region on
both the complete (29-48 sequences) and reduced (26 sequences) data sets. Although NJ
(k2p) analyses are the standard for species and population level analyses (e.g. Hebert et
al. 2003), inadequate or oversimplified models can fail to resolve reciprocally
monophyletic groups (Nelson et al. 2007). For each DNA region, similar phylogenies
were generated using either the NJ or BI phylogenetic method, regardless of whether the
complete or reduced data set was used. As the results from the reduced data set are most
directly comparable with that of the combined data set (the same sequences were used),
the results will hereafter focus on the phylogenies generated from these reduced data
sets.

In analysing the utility of each phylogenetic marker, we expect the phylogenetic
analyses to resolve sequences from the same population as a monophyletic group. NJ
and BI analyses of the ITS region and rbp-1 gene region did not resolve these
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relationships (NJ: Fig. 4.1a and 4.1b; BI: Appendix 4.3). Sequences from the same
population were infrequently resolved together, except for population P5A which was
monophyletic in the ITS phylogeny. However, in the phylogeny of the complete ITS
data set (data not shown), an additional sequence from population P4A resolves within
the P5A clade, making it paraphyletic. The phylogeny of the rbp-1 gene region was not
improved by separate NJ analysis of intron and exon regions of the rbp-1 gene (data not
shown). NJ and BI analyses of the ~3.4 kb scmtDNA IV region (Fig. 4.1c and Appendix
4.3, respectively) showed a marked improvement in population resolution, with the
populations P5A and Luffness resolving as monophyletic groups.
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Figure 4.1 Neighbour-Joining phylogenetic analysis of G. pallida populations. (a) Analysis of part of a
protein-coding nuclear gene region, rbp-1. (b) Analysis of the nuclear non-coding ITS region. (c)
Analysis of a non-coding mtDNA region specific to scmtDNA IV. Numbers at nodes indicate bootstrap
proportions.

As G. pallida is thought to have originated in South America (Canto Saenz and De
Scurrah 1977; Evans and Stone 1977; Picard et al. 2007), we could also anticipate
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segregation between the South American (P5A and P4A) and UK (Luffness, Gourdie
and Lindley) populations. However, this may not be the case, as the history of
introduction/s of G. pallida into the UK is/are not firmly established. The phylogenies
of the ITS region and rbp-1 gene region did not demonstrate any segregation of South
American and UK representatives. The phylogeny of the scmtDNA IV region had four
predominant clades; I – all P5A representatives and two P4A sequences; II – two P4A
representatives; III – all Luffness representative and a P4A sequence; and IV – all
Gourdie and Lindley representatives (Fig. 4.1c and Appendix 4.3). Thus, although most
South American and UK representatives were segregated, several P4A sequences
appear more closely related to the UK population Luffness. BI analysis resolved Clade
II closer to other South American populations in comparison to NJ analysis, which
resolved Clade II closer to UK populations.

The posterior probability and bootstrap support values indicate few nodes were wellsupported in all analyses of the rbp-1 gene region or ITS region. In the phylogeny from
the data sets of the scmtDNA IV region, the statistical support values for the
monophyletic clades were considerably higher than that for the intra-population
relationships.

4.3.3 Phylogenetic Analysis of the Combined Data Set
NJ and BI analyses were also performed on the combined data set, which contained the
reduced data sets from the rbp-1 gene region, the ITS region and the scmtDNA IV
region (Fig. 4.2a and 4.2b). These analyses were almost identical to that of the
scmtDNA IV data set, resolving the same four major clades (I-IV). However, analysis
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of the combined data set resolved most representatives of the populations Gourdie and
Lindley separately, although still not as monophyletic groups. The posterior probability
and bootstrap support were generally highest for the combined data set; with all
evolutionary relationships well supported.
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Figure 4.2 Phylogenetic analysis of G. pallida populations using a combined data set of a protein-coding
nuclear gene region (rbp-1), a non-coding nuclear region (the ITS region) and a non-coding mtDNA
region. (a) Neighbour-Joining analysis. (b) Bayesian Inference analysis. Numbers at nodes indicate
bootstrap proportions in (a), or posterior probabilities in (b).
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4.4 Discussion
Analyses of the ITS region and rbp-1 gene region of G. pallida failed to resolve any
populations as monophyletic, except for analysis of the ITS region of population P5A.
These results indicated that the intra-population sequence identity within these regions
was high, providing limited data for the analysis of population histories. Thus, G.
pallida analyses that include the ITS region should include additional molecular
markers, as well as multiple representatives of each population to ensure that the genetic
variability of that population is captured. Further, there was no clear rbp-1 genotype
associated with any population, despite this protein being a potential pathogenic factor
(Blanchard et al. 2005; Sacco et al. 2009), and different populations having different
pathotypes (Phillips and Trudgill 1998). Thus, the rbp-1 gene region does not appear to
be a suitable molecular marker for G. pallida. The rbp-1 protein also appeared to be
unsuitable also as a population marker, with many mutations within and between
populations.

Comparison of the phylogenetic analyses of the non-coding scmtDNA IV data set and
of the combined data set of all three DNA regions indicated that both analyses resolved
the populations P5A and Luffness as reciprocally monophyletic groups, and resolved
the same four major clades. Analysis of these phylogenies indicated that the more
ancestral evolutionary relationships were generally between representatives of the
populations P5A, and between the population P5A and some representatives of P4A,
consistent with the hypothesis that G. pallida originated in South America (Canto Saenz
and De Scurrah 1977; Evans and Stone 1977; Picard et al. 2007). These analyses also
suggest that several representatives of the population P4A are more genetically similar
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to UK populations, in particular Luffness, than to the other South American
populations, although the number of South American populations compared in this
study was small. Phylogenetic analysis of Cytb by Pylypenko et al. (2008) shows a
similar result, with Luffness as one of the closest European/UK relatives to the South
American populations. Madani et al. (2010) expanded on this study, adding additional
Cytb sequences from other G. pallida populations to the analysis. The resulting
phylogeny continued to indicate that Luffness has a more ancestral relationship with
South American populations than did most other European/UK populations. Thus, it
may be that one/several South American populations, possibly from a P4A type
population, gave rise to UK populations that are closely related to Luffness. Grenier et
al. (2001) used multiple molecular approaches to assess the relatedness of several
European/UK and South American populations, including several P4A and P5A
variants, and a representative of the population Luffness. They concluded that the South
American populations they analysed were not likely direct ancestors of the European
populations studied. Interestingly, 2D-NAGE analysis showed the population Luffness
as the most closely related European/UK population to the South American populations
(Grenier et al. 2001). A study by Plantard et al. (2008) reported that the origin of
European/UK populations could be traced to a small region in the south of Peru. It is
difficult to make a comparison with the present study, as „P4A‟ more specifically refers
to the pathotype, and the precise collection of that population in Peru is unknown.
However, in the Cytb analysis (Madani et al. 2010), Luffness Cytb groups with South
American populations that are from the southern region that Plantard et al. (2008)
reported as the origin of European/UK populations (Sicuani and Arapa, Peru). Further
studies are needed to determine whether a single or multiple introductions of G. pallida
into Europe/UK gave rise to the current populations, and thus also whether the Luffness
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population is more ancestral to this/these introduced populations relative to other
European/UK populations.

The ability of the scmtDNA IV region to resolve more populations as reciprocally
monophyletic than the other potential population markers suggests that this DNA region
may be a useful molecular marker for G. pallida, either for phylogenetic or diagnostic
applications, or for further understanding introductions of these and possibly other G.
pallida populations. However, the failure of the other markers to resolve these
populations as reciprocally monophyletic may be associated with the low number of
populations involved. The underrepresentation of G. pallida populations results in a
poor representation of the underlying hierarchy of these populations. As most
phylogenetic methods rely heavily on the interpretation of this hierarchy to compute
evolutionary relationships, it is not unexpected that most molecular markers would
perform poorly (Goldstein and DeSalle 2000). Therefore, the success of the scmtDNA
IV region under these unfavourable circumstances supports its utility as a molecular
marker for these populations. For characterising this DNA region, the approach
described for the sequences used in the present study would be the most efficient. This
involved incorporating the taxonomic sampling of populations into the cloning step by
amplifying from DNA extracted from multiple individuals. The efficiency is also
enhanced by the use of internal sequencing primers that anneal to multiple populations
(see Appendix 4.4). However, a 3.4 kb region which requires cloning prior to
sequencing may be impractical for some applications. Interestingly, most of the
variation between populations is in a central ~1 kb region of this fragment. We suggest
that a smaller region within this fragment may provide a more efficient molecular
marker for G. pallida, but advise that a preliminary analysis is needed, as part of the
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non-coding mtDNA of G. pallida is homologous on different scmtDNA molecules
(Gibson et al. 2007b), and thus multiple copies of this internal region may be present.
Further, the use of Cytb in conjunction with the non-coding scmtDNA IV region should
be investigated. Phylogenetic analyses of Cytb in conjunction with other markers have
previously demonstrated that they are able to resolve most South American and
European populations of G. pallida independently (Madani et al. 2010; Picard et al.
2007; Plantard et al. 2008).
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CHAPTER 5: Poly(T) Variation in Heteroderid Nematode
Mitochondrial Genomes is Predominantly an Artefact of
Amplification

This chapter was slightly modified from a paper that was accepted for publication in the
Journal of Molecular Evolution and is currently published online (DOI:
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provided training in experimental techniques and advice regarding both the experiments
and the manuscript; authors J. Rowe, D.J. Chitwood and S. Subbotin provided nematode
specimens and advice regarding the manuscript.

5.1 Introduction
The mitochondrial genomes of bilaterian animals are typically single, ~16 kb circular
molecules. They are inherited maternally and encode a highly conserved set of 37
mitochondrial genes, including 22 tRNAs, 2 rRNAs and 13 protein-coding genes. These
mtDNAs are economised molecules, generally having only a short non-coding region,
no introns, and minimal to no intergenic sequences. Many genes overlap one another by
several nucleotides (nts), such that post-transcriptional polyadenylation of the mRNA
completes the transcript (Lavrov 2007). This succinctness has led to suggestions that
larger mtDNA are selected against during evolution (Rand and Harrison 1989). These
selective pressures may also contribute to the low frequency of inverted/tandem repeats
or non-functional gene copies (pseudogenes) (Moritz et al. 1987).

However, complete sequencing of bilaterian animal mitochondrial genomes has
revealed unusually large (>24 kb) mtDNA sporadically in a range of animals, primarily
due to tandem repeats and lengthy non-coding regions. This includes in a fish (Inoue et
al. 2010), a reptile (Fujita et al. 2007), molluscs (La Roche et al. 1990), nematodes
(Azevedo and Hyman 1993; and GenBank accession no. EF368011), and an arthropod
(Jeyaprakash and Hoy 2007). Pseudogenes of tRNAs, rRNAs and/or protein-coding
genes have been characterised in the mtDNA of a range of organisms, including insects
(Beckenbach et al. 2005; Dowton et al. 2003; Lessinger et al. 2004), amphibians (San
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Mauro et al. 2006), reptiles (Kumazawa et al. 1998; Russell and Beckenbach 2008;
Zevering et al. 1991), fish (Mabuchi et al. 2004), birds (Mindell et al. 1998), a sponge
(Rosengarten et al. 2008), an oyster (Milbury and Gaffney 2005), and in nematodes
(Gibson et al. 2007a; Gibson et al. 2007b; Howe and Denver 2008; Moret et al. 2002;
Tang and Hyman 2007). Long homopolymer stretches have been reported in the coding
regions of some animal mtDNA. Homopolymers are potentially detrimental as they are
prone to transcriptional slippage, resulting in variation in the tract length relative to the
template molecule (Wagner et al. 1990). Observations of decreased homopolymer tract
lengths and frequencies in coding regions compared to non-coding regions have led to
hypotheses of evolutionary selection against long (>~8 nts) homopolymer tracts in
coding regions (Tamas et al. 2008). Despite this, long homopolymers are reported in the
mtDNA of several invertebrate species, including a brachiopod, Terebratalia transversa
(Helfenbein et al. 2001), and several nematodes, including Dirofilaria immitis (Hu et al.
2003b), Haemonchus contortus (Jex et al. 2008) R. similis (Jacob et al. 2009) and
Strongyloides stercoralis (Hu et al. 2003a).

Recently we reported homopolymers in protein-coding mitochondrial genes of two
potato cyst nematodes (Globodera rostochiensis and Globodera pallida) (Gibson et al.
2007a; Gibson et al. 2007b; Riepsamen et al. 2008). The mtDNA of these species are
atypical, composed of several small circular mtDNA molecules (~6.4-9.5 kb in G.
pallida), each with a large non-coding region and only some of the 37 mitochondrial
genes in typical animal mtDNA (Armstrong et al. 2000). The gene organisation is an
overlapping mosaic of large multigenic fragments present on several circles. These
multigenic fragments have up to 98% identity on different circles for both G. pallida
and G. rostochiensis. Several of these gene copies produced truncated proteins when
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conceptually translated, and hence were considered pseudogenes. Though pseudogenes
are rare in animal mtDNA, duplicated gene copies are predicted to have reduced
selective pressures and hence accumulate mutations. However, we observed the
nucleotide sequence of these gene copies was neither divergent nor truncated, but had
indel mutations (insertions/deletions of 1-2 nucleotides) which disrupted the reading
frame. Analysis of multiple clones revealed that these indels were consistently
thymidine indels within poly(T) tracts on the coding strand (or adenine
insertions/deletions within polyadenine [poly(A)] tracts on the non-coding strand).
Termed „poly(T) variation‟, these indels were not considered artefactual for several
reasons; (i) both DNA strands were sequenced for all experiments; (ii)
electropherograms showed no ambiguous base-calling surrounding the homopolymers;
(iii) the DNA polymerase used for G. rostochiensis had proofreaders (both 5‟3‟ and
3‟5‟); (iv) there was no evidence of polymerase errors, with substitution mutations
observed between gene copies on different circles identical between G. pallida and G.
rostochiensis; (v) the poly(T) variation was unrelated to experimental conditions, with
reproduced amplifications on different populations having markedly different poly(T)
variation, suggesting that poly(T) variation is population-specific; and (vi) poly(T)
variation was characterised in amplicons from genomic DNA and mRNA (Riepsamen et
al. 2008), and in EST databases generated independently (www.nematode.net).

Despite these observations, the possibility of poly(T) variation in Globodera mtDNA
being an artefact of amplification could not be discounted, as for each instance an
amplification preceded sequencing. Thus the poly(T) variation observed was more
precisely a measure of biological variation plus any artefactual variation introduced
(biological + artefactual variation). It is extremely difficult to measure biological
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poly(T) variation in nematodes without an amplification step. Multiple individuals
cannot be used to increase the amount of biological material, as this may introduce
inter-individual poly(T) variation. However, it is relatively simple to measure the
artefactual variation (i.e. polymerase error) that a poly(T) tract generates in vitro.
Cloning of an amplified mtDNA fragment, enables isolation of a single DNA molecule,
as one DNA fragment is transformed into an E. coli cell, to establish a colony
representative of that „single DNA molecule‟. By isolating a single DNA molecule from
a region exhibiting poly(T) tracts, the amount of artefactual poly(T) variation can be
measured by performing a second round of amplification, and sequencing multiple
clones. If no polymerase errors occur, all copies amplified during this second round will
be identical. If polymerase errors do occur and poly(T) variation is introduced, the
proportion of clones with different poly(T) tract lengths will be a measure of the extent
of artefactual poly(T) variation. As described above, the biological + artefactual
variation can also be determined; i.e. the poly(T) variation observed after amplification
of a biological sample (and the sequencing of multiple clones). By deducting the
artefactual poly(T) variation from the biological + artefactual variation, the biologicallyderived poly(T) variation can be estimated. The use of a single DNA molecule as the
template for the analysis of artefactual variation avoids the possible introduction of
biological variation, for example, due to mtDNA heteroplasmy. Further, by measuring
the extent of both artefactual and artefactual + biological poly(T) variation after a single
round of cloning, any variation introduced during cloning would be inherent in both
poly(T) variation estimates. Thus, any differences between these estimates will
primarily be due to amplification error.
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In the present study, the extent of artefactual, and biological + artefactual poly(T)
variation was determined, using a mtDNA region from a heteroderid nematode (the
family to which G. pallida and G. rostochiensis belong). We investigated the generation
of poly(T) variation using a long DNA polymerase, as ultimately we intended to use this
to amplify long fragments of nematode mitochondrial genomes for sequencing. This
revealed that the level of poly(T) variation characterised for the biological sample after
an amplification step was not significantly greater than that introduced as an artefact of
amplification. This suggests that poly(T) variation observed in the heteroderid mtDNA
is predominantly an artefact of amplification. The poly(T) variation generated during
amplification of a broad range of heteroderid nematodes, as well as in two non-cystforming plant parasitic nematodes, was also studied to assess the potential each
molecule has for poly(T) variation. These data were used to determine features that
make these molecules susceptible to poly(T) variation. These results have significant
implications for the sequencing of mitochondrial genomes containing extensive
homopolymer regions. Unless strategies are applied to minimise or account for potential
poly(T) variation, incorrect homopolymer tract lengths may be inferred, and genes can
be incorrectly annotated as pseudogenes.

5.2 Materials and Methods
5.2.1 Genomic DNA Extraction and Molecular Identification
Nematode specimens were collected from Australian and international sources (see
Table 5.1), and preserved in 95% ethanol on arrival. Single cysts of the Heterodera and
Betulodera specimens were washed with distilled water and surface sterilised in 0.3%

142

hypochlorous bleach as described (Nour et al. 2003). Sterilised cysts were washed with
distilled water to remove any bleach prior to DNA extraction.

Table 5.1. Biological material used and origin of the specimens. All nematodes are of the superfamily
Hoplolaimoidea.
Source

Nematode
Heteroderidae
Heterodera cajani

Janet Rowe, UK

Heterodera cardiolata

Janet Rowe, UK

Heterodera fici

Janet Rowe, UK

Heterodera glycines

David Chitwood, USA

Heterodera humuli

Janet Rowe, UK

Heterodera pratensis

Janet Rowe, UK

Heterodera zeae

David Chitwood, USA

Betulodera betulae

Sergei Subbotin, USA

Hoplolaimidae
Helicotylenchus dihystera

Greg Walker, AUS

Meloidogynidae
Meloidogyne javanica

Ian Riley, AUS

DNA extractions utilised (i) the egg mass of M. javanica within the gall formed on the
infected root, (ii) an adult of Helicotylenchus dihystera, and (iii) sterilised cysts of the
Heteroderidae nematodes. Cysts are formed from the posterior of a deceased gravid
female. As the mtDNA of the eggs inside are maternally inherited (Tsang and Lemire
2002a), this is the largest available mtDNA source representing a single individual.
Similarly, the egg mass isolated from the gall formed by M. javanica is the largest
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available source representing a single individual of M. javanica. Total genomic DNA of
all specimens were extracted using the salting out method described by Sunnucks and
Hales (Sunnucks and Hales 1996), but with the proteinase K step extended to 1 h at
65oC, followed by 10 min at 95oC to inactivate the enzyme. Extracts were resuspended
in TE buffer (1 mM Tris-HCl, 0.1 mM EDTA [pH 8]) and stored at 4oC until use.
Species identifications were molecularly verified by amplification and sequencing
across the ITS regions 1 and 2 using the Heteroderidae diagnostic primers TW81 (5‟GTTTCCGTAGGTGAACCTGC-3‟) and AB28 (5‟ATATGCTTAAGTTCAGCGGGT-3‟) as described by Subbotin et al. (2001).
Amplification reactions used the BIO-X-ACTTM Long DNA Polymerase Kit (Bioline,
Australia), and cycling conditions consisted of 94°C for 2 min, 35 cycles of 94°C for 30
s, 55°C for 30 s and 72°C for 2 min, with a final elongation of 72°C for 5 min.
Sequencing reactions were carried out using the BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Australia), and an ABI 3130xl Genetic Analyser
(Applied Biosystems, Australia). Sequences were analysed using ChromasPro
(Technelysium Ltd., Tewantin, Australia), BioEdit (Hall 1999) and ClustalW
(Thompson et al. 1994) software. The RNAfold software (http://rna.tbi.univie.ac.at) was
used to predict secondary structures in the DNA sequences (Hofacker 2003).

5.2.2 Amplification and Cloning of a Mitochondrial Fragment
A fragment of the COII gene containing poly(T) tracts was amplified in Heterodera
cajani using the BIO-X-ACTTM Long DNA Polymerase Kit, and primers Het-COII-F
(5‟-GTGGGTCATCARTGRTAYTG-3‟) and Het-COII-R (5‟GAATGATTAGCTCCRCARATYTC-3‟). PCR cycling conditions consisted of 94°C
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for 2 min, 35 cycles of 94°C for 10 s, 45-65°C for 30 s and 68°C for 1 min/kb, followed
by 68°C for 5 min. The PCR product was cloned directly into the pGEM®-T Easy
Vector System (Promega, Australia). Two positive clones were purified using the
Wizard® Plus SV Minipreps DNA Purification System (Promega). Both DNA strands
were sequenced using the sequencing and analysis methods described above, using M13
vector primers.

5.2.3 Characterisation of Artefactual (In Vitro) Variation at Poly(T)
Tracts
The COII fragment of the purified plasmid DNA (representing a single, cloned DNA
molecule) was subcloned to facilitate analysis of the poly(T) variation generated in
vitro, as per the approach of Clarke et al. (2001). Re-amplification and cloning used the
same primers, enzyme, cycling conditions and vector system as described above. Two
approaches were used to enable sequencing of these clones. In the first approach,
purified products of colony-PCRs were used for sequencing. Colony-PCRs used the
BIO-X-ACTTM Long DNA Polymerase Kit as described above, with products purified
using ExoSAP-IT® (USB Corporation, Australia). In the second approach, plasmid
DNA was purified for sequencing using the Wizard® Plus SV Minipreps DNA
Purification System. For both approaches sequencing was performed on both DNA
strands using M13 primers as described above.
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5.2.4 Characterisation of Total (Biological + Artefactual) Variation at
Poly(T) Tracts
The same COII region was analysed in a broad range of species to assess the features
that may contribute to poly(T) variation. For H. cajani, Heterodera cardiolata,
Heterodera glycines and Heterodera zeae, species-specific primers P116F-1R (5‟CCACGGGTATAAAGGAATGA-3‟) and H.Gly-COIIF_inFOR (5‟GGTAGTTGGTCATCAATGATATTG-3‟) were used. To optimise amplification from
divergent species, degenerate primers Het-COII-F and Het-COII-R (described above)
were used for all species listed in Table 5.1. Both primer pairs encompass the same
COII region. Amplification, cloning, and sequencing of multiple clones from the
purified colony-PCR product were performed as described above.

An internal fragment of the COI gene was also amplified in H. cardiolata & H. glycines
using the primers H.Gly-COIIinFOR-4F (5‟-TGCTTTAATTGGTGCTTTTGG-3‟) and
H.Gly-COI-FOR (5‟-TATTCCAACAACAAATATATGATGAGC-3‟). For H. glycines
the entire COI gene was further amplified, both as two overlapping fragments and as
one larger fragment encompassing the entire gene. The primer pairs for these
amplifications were H.Gly-COIFOR and H.Gly-COIIinFOR (5‟GGTAGTTGGTCATCAATGATATTG-3‟) for the 5‟ fragment, H.Gly-COI-REV (5‟CTGTTTTGGCAGGAGCTATTAC-3) and H.Gly-ND4inREV1 (5‟GAATTAATTTTTTCAATTTGGACTCC-3‟) for the 3‟ fragment, and H.GlyCOIIinFOR-2F (5‟- GCACCTTTAGCGTGATTGGT-3‟) and H.Gly-ND4inREV1-2F
(5‟-TGAAAGCCAACTAAAGCCTCA-3‟) for the entire gene. The methods for
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amplification, cloning, sequencing from the colony-PCR product and analysing multiple
clones were as described above for the COII fragment.

5.3 Results
5.3.1 Artefactual Poly(T) Variation
A region of the COII gene in H. cajani was amplified and the PCR product sequenced
directly. The electropherogram showed evidence of heterogeneity (see Appendix 5.1).
This heterogeneity was evident as peaks of lesser intensity than the main peak, and was
always seen immediately downstream (3‟) of a poly(T) region, with some evidence of
additional peaks also seen upstream (5‟). In each case, the minor peak corresponded to
the adjacent nucleotide, suggesting that the secondary peaks were the product of
slippage errors. Errors that are observed upstream of a poly(T) region are likely
associated with the PCR amplification of the complimentary DNA strand, and thus
would be associated with poly(A) variation. For this study, only variation associated
with the coding DNA strand was assessed. To determine the extent to which poly(T)
variation was generated in vitro, individual (i.e. cloned) molecules of a fragment
containing poly(T) tracts were characterised. A 274 bp region of the COII gene from H.
cajani was sequenced in two clones (denoted a1 and a2). The electropherograms of
these sequences were clean, with no evidence of heterogeneity (for an example, see
Appendix 5.1), suggesting negligible variation was introduced by cloning. The COII
sequences of a1 and a2 were identical and translated an intact polypeptide. To represent
DNA molecules of a single type, plasmid DNA of a1 and a2 was purified. This DNA
was subject to a second round of amplification and cloning. Ten clones were sequenced
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from each to assess the level of variation introduced during this second round of
amplification, cloning and sequencing (i.e. artefactual variation). However, in order to
sequence these clones the template had to be amplified, either by culture of the bacterial
clones („mini-prep‟), or by colony-PCR. Sequences obtained from individual clones
using either approach were identical (data not shown). Examination of the
electropherograms of each clone sequenced using either approach showed no
ambiguous peaks as to suggest that either the colony PCR or the bacterial propagation
were individually contributing to the sequence reported (for an example, see Appendix
5.1). Thus, although some amplification errors may have been introduced during either
the colony PCR or the bacterial propagation, this did not influence the result, with each
reported sequence representing a PCR amplicon. Thus, the more rapid approach of
sequencing from the colony-PCR product was used for subsequent experiments.

Comparison of the 20 cloned sequences from amplification of a1 and a2 revealed that
several poly(T) indels and substitution mutations were introduced in vitro (Table 5.2).
Across the poly(T) tracts in this COII template, 4 clones had a single T deletion (-1T);
three at a tract of 10 Ts (Fig. 5.1), and one at a tract of 9 Ts. This resulted in a poly(T)
variation rate of 1.90 x 10-3 indels/poly(T) tract >6 Ts/cycle. In this study, indels at
poly(T) tracts were only observed at tracts longer than 6 Ts. Thus, this rate will
hereafter be referred to as indels/poly(T)/cycle. Substitution mutations were present in
10 clones, and included 13 transition mutations and one transversion, giving a
substitution mutation rate of 7.30 x 10-5 mutations/bp/cycle (Table 5.2).
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Table 5.2. Poly(T) variation and substitution mutation rates within a ~274 bp COII fragment amplified
and cloned from both individual molecules isolated in vitro (i.e. artefactual variation assessed in a cloned
molecule) and from biological samples from a range of nematode species (i.e. biological + artefactual
variation).
Number of

Number of

Poly(T)

Substitution

clones

poly(T) tracts

variation rateb

mutation

analysed

>6 Tsa

(x10-3)

ratec (x10-5)

20

3

1.90

7.30

Heterodera cajani

35

3

2.18

2.98

Heterodera cardiolata

22

2

0.65

0.95

Heterodera fici

10

5

1.71

2.09

Heterodera glycines

15

2

0.95

0.70

Heterodera humuli

10

5

2.29

2.09

Heterodera pratensis

9

5

2.54

0.00

Heterodera zeae

14

5

2.45

0.74

Betulodera betulae

10

3

0.95

1.04

10

1

0.00

1.04

10

1

0.00

1.04

COII template DNA

Artefactual
Artefactual + Biological
Heteroderidae

Hoplolaimidae
Helicotylenchus dihystera
Meloidogynidae
Meloidogyne javanica
a

Per template molecule. Only tracts with >6 Ts demonstrated poly(T) variation.; bPoly(T) variation rates

(indels/poly(T)/cycle) were calculated as im/(t x c), where im is the number of indel mutations, t is the
total number of poly(T) sites longer than 6 Ts sequenced, and c is the number of amplification cycles;
c

Substitution mutation rates (mutations/bp/cycle) were calculated as sm/(bp x c), where sm is the number

of substitution mutations, bp is the total number of base pairs sequenced, and c is the number of
amplification cycles.

149

a1 TL

a1
a1.1
a1.2
a1.3
a1.4
a1.5
a1.6
a1.7
a1.8
a1.9
a1.10
a2
a2.1
a2.2
a2.3
a2.4
a2.5
a2.6
a2.7
a2.8
a2.9
a2.10
bD1
bD2
bD3
bD4
bD5
bD6
bD7
bD8
bD9
bD10
bD11
bD12
bD13
bD14
bD15
bD16
bD17
bS1
bS2
bS3
bS4
bS5
bS6
bS7
bS8
bS9
bS10
bS11
bS12
bS13
bS14
bS15
bS16

I I D F F F
E A T G V F Y
230
240
250
260
.|....|....|....|....|....|....|....|...
ATTATTGATTTTTTTTTT-GAGGCTACCGGAGTTTTTTAT
..................-.....................
..................-.....................
..................-.....................
..................-.....................
.................--.....................
.................--.....................
..................-.....................
..................-.....................
..................-.....................
..................-.....................
..................-.....................
..................-.....................
..................-.....................
.................--.....................
..................-.....................
..................-.....................
..................-....T................
..................-.....................
..................-.....................
..................-.....................
..................-............A........
.................--.......T.............
..................-.....................
..................T.....................
..................-.....................
..................-.....................
.................--.....................
..................-.....................
..................-....................
..................-....................
..................-....................
..................-....................
..................-....................
..................-....................
..................-....................
..................-....................
..................-....................
..................-....................
..................-.........T..........
..................-....................
..................-....................
..................-.....................
.................--.....................
..................-.....................
..................-.....................
..................-.....................
..................-.....................
..................-.....................
..................T....................G
.................--.....................
..................-.....................
..................-.....................
..................-.....................
..................-.....................

Figure 5.1 Section of an alignment of the cloned COII gene fragment amplified from Heterodera cajani.
Clones a1.1-a1.10 and a2.1-a2.10 were each amplified from a representative single (i.e. cloned)
molecule, thus any sequence variation is an artefact of amplification. The remaining clones were
amplified from genomic DNA and thus represent biological + artefactual variation, with clones a1, a2
and bD1-bD17 amplified using a degenerate primer set, and clones bS1-bS16 amplified using a specific
primer set. TL indicates the conceptual translation of the a1 clone.
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5.3.2 Biological + Artefactual Poly(T) Variation
The extent of biological + artefactual poly(T) variation was then assessed in the same
COII region of H. cajani (i.e. cloned COII fragments amplified from genomic DNA
templates). Both specific and degenerate primer pairs were used to amplify this COII
fragment, from which 16 and 17 clones were sequenced (denoted bS1-bS16 and bD1bD17, respectively in Fig. 5.1). Poly(T) length variation was present in 8 of the 33
clones; at a tract of 10 Ts four clones had -1T and two clones had a single T insertion
(+1T) (Fig. 5.1), and at a tract of 9 Ts two clones had -1T. This gives a poly(T)
variation rate of 2.18 x 10-3 indels/poly(T)/cycle (Table 5.2). Substitution mutations
were present in 9 clones, and included 6 transition mutations and 4 transversions, giving
a substitution rate of 2.98 x 10-5 mutations/bp/cycle (Table 5.2).

A 2-tailed chi-square test was performed to investigate whether the biological +
artefactual poly(T) variation was significantly different to the artefactual poly(T)
variation (www.graphpad.com/quickcalcs/contingency1.cfm). There was no significant
difference (p = 0.985) between the rates of artefactual poly(T) variation and the
artefactual + biological poly(T) variation in the clones analysed for this COII fragment
from H. cajani. There was also no significant difference (p = 0.061) between the
artefactual substitution rate and the artefactual + biological substitution rate. This
suggests that the majority of both the poly(T) variation and substitutions observed in the
biological sample are artefacts of amplification. However, a more extensive
investigation may be required to detect low levels of biological poly(T) variation at
statistically significant levels.

151

5.3.3 Poly(T) Variation Specific to Individual COII Gene Fragments
To determine the sequence characteristics associated with the generation of poly(T)
variation, this same COII region was cloned from a range of plant parasitic nematodes
of the Hoplolaimoidea superfamily (Table 5.1). For all nematodes studied, the 274 bp
(271 bp in B. betulae) COII fragment described for H. cajani was analysed. For each
species 9-22 clones were characterised (Table 5.2). In each case, intraspecific sequence
identity was 98-100%, suggesting that divergent numts (nuclear copies of mitochondrial
DNA) were not being co-amplified and analysed. Interspecific sequence identity ranged
from 63-85%, providing diverse template molecules for the characterisation of the
generation of poly(T) variation. Despite 14 instances of poly(T) tracts 6 nucleotides
long, variation was only evident at tracts >6 Ts. Only the Heteroderidae family
displayed poly(T) variation, though template molecules of the Hoplolaimidae and
Meloidogynidae families had only one poly(T) tract >6 Ts, compared with 2-5 for the
Heteroderidae species (Table 5.2). Across the Heteroderidae, the rate of poly(T)
variation ranged from 0.65 x 10-3 to 2.54 x 10-3 indels/poly(T)/cycle (Table 5.2).
Variation consisted of -1T at 20 poly(T) tracts (ranging from 7-11 Ts), and a deletion of
2 Ts (-2Ts) at two tracts (of 9 and 10 Ts). It is difficult to predict whether the -2Ts is the
result of two single T deletion events or one deletion event involving two Ts.

All species except H. pratensis displayed intraspecific nucleotide substitutions, with
substitution rates ranging from 0.70 x 10-5 to 2.98 x 10-5 mutations/bp/cycle (Table 5.2).
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5.3.4 Poly(T) Variation Specific to a COI Gene Fragment
A 625 bp central region of the COI gene in H. cardiolata and H. glycines was also
amplified, sequenced and cloned. None of the clones displayed poly(T) variation,
despite the template molecules having 3 and 2 poly(T) tracts of 7 Ts, respectively. Of
the 10 clones sequenced for H. cardiolata, there was one transversion mutation, giving
a substitution rate of 0.64 x 10-5 mutations/bp/cycle. Of the 11 clones sequenced for H.
glycines, there were two substitution mutations (one transition and one transversion),
giving a substitution rate of 1.16 x 10-5 mutations/bp/cycle.

5.3.5 Poly(T) Variation Across the Entire COI Gene
The entire COI gene was amplified and cloned in H. glycines, both as two overlapping
fragments, and as a larger fragment encompassing the entire COI gene. COI was
sequenced in two clones and determined to be 1524 bp long. Start and stop codons were
predicted as GTT and TAA, respectively. The two overlapping fragments characterised
spanned 883 bp of the 5‟ end and 937 bp of the 3‟ end. Two clones of each overlapping
fragment were also sequenced, thus each nucleotide of COI was sequenced in at least 4
clones, with the central portion sequenced in 6 clones.

There were 18 poly(T) tracts across the COI gene, ranging in length from 7 to 16 Ts.
When all clones were compared, there were 13 instances of poly(T) variation across all
tracts with 8 or more Ts. These included six tracts with -1T, three with +1T, two with 2Ts, and two with insertions of 2Ts (+2Ts) (based on the COI sequence translating the
correct reading frame). This resulted in a poly(T) variation rate of 5.02 x 10-3
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indels/poly(T)/cycle. This is 2-fold higher than any values reported for COII, though
this may have been skewed by the relatively low number of clones analysed.

Across all clones, there were 5 substitution mutations (all transitions), giving a
substitution rate of 2.14 x 10-5 mutations/bp/cycle. Relative to the published sequence
for H. glycines COI (Gibson et al. 2011), all transitions would result in conservative
amino acid changes when categorised according to the grouping system of Cieplak et al.
(2001).

5.3.6 Features of Sites Prone to Poly(T) Length Variation
Analysis of the DNA sequences both up- and downstream of poly(T) tracts did not
locate any sequence motifs or potential secondary structures associated with the poly(T)
variation observed. If poly(T) variation was associated with a sequence motif, closely
related species (with more similar DNA sequences) would be expected to have more
similar poly(T) variation rates. However, there was no apparent correlation between
poly(T) variation and phylogenetic proximity. For example, H. cajani and H. glycines
are two of the more closely related species studied (both of the Schachtii clade of
Heterodera nematodes) (Subbotin et al. 2001), yet have differing poly(T) variation rates
(2.18 x 10-3 and 0.95 x 10-3 indels/poly(T)/cycle, respectively; Table 5.2). However, this
difference was not determined to be statistically significant (p = 0.1721) when a 2-tailed
chi-squared test was performed (www.graphpad.com/quickcalcs/contingency1.cfm).
Further clones would need to be sequenced in order to determine whether this difference
is statistically significant. Additionally, there was no correlation between clones with
poly(T) variation and those with nucleotide substitutions.
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The only characteristic common to all sites displaying poly(T) variation was the length
of the poly(T) tract. Comparison of poly(T) tract lengths and poly(T) variation rates
across all clones for all indel types (Fig. 5.2) identified no variation at any tract with 6
or fewer Ts, and a linear increase in variation rate with increased poly(T) tract length for
tracts 7-16 Ts long. Observed individually, only the -1T indels appear to follow this
trend (Appendix 5.2). However, the distribution of other indels (+1T, -2Ts and +2Ts) at
poly(T) tracts is more sporadic, and there are insufficient occurrences to establish a
trend.

Figure 5.2 Relationship between the rate of poly(T) variation and poly(T) tract length of all indel types in
COI and COII for all Hoplolaimoidea species studied.

Of the 630 poly(T) tracts that were longer than 6 Ts analysed across all COI and COII
clones, the overall rate of poly(T) variation was 1.95 x 10-3 indels/poly(T)/cycle. Of
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these, 74% were single T deletions, 12% were single T insertions, 9% were deletions of
2 Ts, and 5% were insertions of 2 Ts (Appendix 5.2).

5.4 Discussion
5.4.1 Features Associated with Poly(T) Sites
Analysis of the generation of poly(T) variation in vitro revealed that the majority of
poly(T) variation was artefactual, not biological. Further sequence analysis using
multiple clones of COI and COII gene fragments in the mtDNA of Heteroderidae
nematodes revealed poly(T) variation throughout many poly(T) tracts in these template
molecules. This allowed the characteristics associated with poly(T) variation to be
assessed. Single T deletions were the most frequent type of poly(T) variation,
accounting for 74% of the total poly(T) variation observed. Overall, contractions were 5
times more frequent than expansions. Studies of homopolymers in nuclear DNA have
found similar trends, with contractions 5-10 times more frequent than expansions
(Kroutil et al. 1996; Kunkel 1986; Shinde et al. 2003; Tindall and Kunkel 1988). It was
proposed that this may be due to contractions being more energetically favourable than
expansions (Kroutil et al. 1996; Shinde et al. 2003). These studies predict a simple
slippage model involving one base per indel event. Our observations support this model,
with indels involving one nucleotide 6-fold more frequent than those involving two.
Thus, the observed indels of -2Ts are likely the result of two subsequent single indel
events. Further, poly(T) variation rates were found to increase with increasing tract
lengths. Similar trends of increased mutation rate with increasing number of repeats
have been reported for monomeric A/T microsatellites (Bacon et al. 2001; Lai and Sun
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2003; Shinde et al. 2003) and for short poly(T) tracts up to 5 nts (Kroutil et al. 1998). If
these errors arise by slippage of the polymerase or template molecule during replication,
longer homopolymer runs may fix the mutation more efficiently (Kunkel 1990). The
binding capacity of the polymerase active site is also thought to be significant.
Typically there are 7-9 nts in the active site during replication, however this can
increase to up to 12 nts (Eom et al. 1996). Shinde et al. (2003) suggest that saturation of
the active site with repetitive sequences may also contribute to an increased mutation
rate with increasing number of repeats. Despite the present study demonstrating a
considerably higher rate of poly(T) variation for tracts ≥11 Ts, there are too few
instances to support a correlation between this and the nucleotide binding capacity of
the polymerase enzyme.

5.4.2 Consideration of Poly(T) Errors Introduced In Vitro
The majority of genomic DNA studies involve in vitro DNA amplification using a
polymerase. These studies often require downstream cloning and expression
experiments which rely on accurate DNA replication during amplification. However,
the generation of amplification artefacts in vitro is often understated despite the
potential implications of not accounting for artefacts if they are introduced.

5.4.2.1

Polymerase error rates associated with homopolymer tracts.

Studies of homopolymer polymerase errors have estimated error rates at 1.5 x 10-2
mutations/repeat/cycle in non-coding microsatellites (Shinde et al. 2003) and between
0.42 x 10-6 and 90 x 10-6 mutants/colony-forming unit/detectable site in a bacterial gene,
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lacZ (Kroutil et al. 1998). However, the differences in methodology between these
studies and the present study (which estimated 1.9 x 10-3 indels/poly(T)/cycle) are
significant and confound rate comparisons. The studies differed in the type of
polymerase and template molecule used, and in the mutation detection and rate
estimation methods. For example, the present study estimated polymerase errors from a
proofreading enzyme mix across poly(T) tracts up to 16 Ts long in isolated clones
derived from biological templates. In comparison, Shinde et al. (2003) assessed the
mutation rate of Taq polymerase (i.e. without a proofreader) across plasmids containing
synthesised poly(A) inserts of 8-12 As. Poly(A) variation was detected via analysis of
„stutter peaks‟ associated with the primary peak during capillary electrophoresis of
fluorescently-labelled PCR products. Mutation rates were estimated from this using a
complex mathematical model that accounted for replication variables associated with
(for example) increasing cycle number. Further, Kroutil et al. (1998) assessed „gapfilling‟ Taq polymerase error rates at poly(T) tracts up to 5 Ts long. Using the bacterial
lacZ gene, mutants were detected by blue/white colony screening and sequence
analysis. Thus, comparisons with other studies using long-PCR polymerase mixes may
be more appropriate (although these have not examined the mutation rate at
homopolymers). Mutation rates of Taq/Pfu and Klentaq/Pfu polymerase mixes were
reported as 5.6 x 10-6 and 3.9 x 10-6 mutations/bp/duplication, respectively (Cline et al.
1996). These rates are approximately three orders of magnitude less than the poly(T)
error rate observed in the present study, and one order of magnitude less than the in
vitro substitution rate in the present study (7.30 x 10-5 mutations/bp/cycle). This further
indicates the propensity towards polymerase errors at poly(T) tracts relative to other
DNA sequences. Regardless, there remains a need to identify the characteristics of
genomes that may make them susceptible to in vitro homopolymer length variation.
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5.4.2.2

Genomes susceptible to polymerase indel errors

Analysis of the mtDNA sequences in GenBank from other species (Table 5.3)
demonstrates a high frequency of poly(T) tracts >6 Ts in many other parasitic
nematodes, but not in free-living nematodes, such as Caenorhabditis elegans. The
mitochondrial genomes of the parasitic nematodes are therefore at high risk of indel
errors being introduced in vitro. Characterising the mtDNA of parasitic nematodes has
previously been described as difficult, suspected to be a result of their high AT content
(Hu et al. 2007). Poly(A/T) tracts contribute to this high AT content. For example, R.
similis and H. glycines of the Chromadorea class of nematodes have the highest AT
contents of any animal mtDNA sequenced to date, with 85.4% (Jacob et al. 2009) and
82.6 % AT content (Gibson et al. submitted), respectively (cf. 76.2% in C. elegans;
GenBank accession no. NC_001328). R. similis and H. glycines also have some of the
highest incidence of poly(T) tracts, with 161 and 347 poly(T) tracts >6 Ts, respectively
(cf. 28 in C. elegans; Table 5.3). With poly(T) tracts so prevalent in parasitic nematodes
it is vital that the potential for poly(T) variation be recognised both during annotation,
and during cloning and expression experiments. The annotation of R. similis mtDNA
utilised sequence data from both direct sequencing of genomic DNA and from
sequencing of plasmid DNA containing EST sequences derived from mRNA. Different
polymerases were used for each. Poly(T) variation was identified and the biological
poly(T) length predicted from comparison of corresponding genomic DNA and EST
sequences. Thus, for analysing genomes with many homopolymers, methodologies need
to be scrutinised to ensure they factor in the potential for homopolymer length variation.
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Table 5.3. Incidence of poly(T) tracts longer than 6 nucleotides in the entire mtDNA of several animal
species described as having many homopolymers, and relatives of these species also found to have many
poly(T) tracts. The free-living nematodes Caenorhabditis elegans and Caenorhabditis briggsae are
included for comparison, as all other nematode representatives have a parasitic life stage.
Species

Number of poly(T) tracts >6 Ts in

GenBank accession no.

mtDNA
Brachiopoda
Terebratalia transversa

39

AF331161

Heterodera glycines

347

HM640930

Strongyloides stercoralis

171

NC_005143

Dirofilaria immitis

167

NC_005305

Radopholus similis

161

FN313571

Brugia malayi

139

NC_004298

Onchocerca volvulus

123

NC_001861

Steinernema carpocapsae

119

NC_005941

Mecistocirrus digitatus

59

GQ888722

Haemonchus contortus

50

EU346694

Caenorhabditis elegans

28

NC_001328

Caenorhabditis briggsae

5

NC_009885

Nematoda

5.4.2.3

Strategies for minimising polymerase errors and their potential
impact.

Strategies for minimising in vitro errors should be considered when amplifying from
genomes suspected of having many homopolymers. For amplification across
homopolymers, the choice of polymerase has been shown to have a significant impact
on fidelity (Fazekas et al. 2010). DNA polymerases Bst and Tfu have demonstrated
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resilience to replication slippage, suggested to be a factor of the strand-displacement
activity of the enzyme (Viguera et al. 2001). Fusion polymerases, such as PhusionTM
and Herculase® II Fusion, have also shown improved sequencing quality over other
polymerases. The additional binding domain of fusion polymerases is thought to
increase the contact between the polymerase and template molecules, and hence
improves stability and fidelity during replication (Fazekas et al. 2010). Although
including a polymerase with a proofreader can improve polymerase fidelity 7-fold
(Bebenek and Kunkel 1990), Clarke et al. (2001) found no difference in in vitro
homopolymer errors using Taq and Pfu DNA polymerases. Further studies are required
to determine the optimal polymerase, or combination of polymerases, for accurately
amplifying genomes with long homopolymer tracts. Increasing the amount of template
DNA in the reaction and decreasing the number of replication cycles will allow similar
quantities of product to amplify, while decreasing the number of amplifications,
minimising the impact of length variation introduced early in the PCR. This strategy is
further supported by observations that mutations occur more frequently during later
PCR cycles (Eckert and Kunkel 1991). During sequence analysis, homopolymer tract
lengths should be interpreted carefully. To ensure that all tract lengths are accurate,
amplification and sequencing should not rely on a single approach.

5.4.2.4

Sequencing strategies for genomes with extensive homopolymer
tracts.

There is no error-free method currently available for sequencing across homopolymer
tracts. Direct sequencing across poly(T) regions using amplification products can be
difficult, particularly when longer tracts are concerned. As the length of the tract
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increases, the rate of indel errors increases, and thus the proportion of length variants
that are sequenced. This is of particular concern when the error is introduced during an
early cycle of the PCR, as it will be a significant component of the final product. During
sequencing, this causes mixed signals in the sequence data downstream of poly(T)
regions. This becomes progressively worse as the number of poly(T) tracts in the
sequence increases. A study by Madani et al. (2010) encountered this problem when
sequencing the mtDNA cytochrome b gene of G. pallida and G. rostochiensis. They
were forced to clone the PCR product and sequence from the plasmid DNA of a single
colony to obtain readable sequence data. This ensured that only one DNA amplicon was
being sequenced. However, poly(T) variation was still present in many of the cloned
sequences, preventing conceptual translation into a functional protein. If poly(T)
variation is introduced during early PCR cycles, they may still form a considerable
portion of the amplified molecules, and it becomes a matter of chance as to whether the
plasmid sequenced contains DNA representative of the biological poly(T) tract length.
Further, substitution errors introduced in vitro may also be cloned and sequenced. Thus
it is necessary to sequence several clones to ensure the accuracy of the sequence data.
Next generation sequencing technologies, such as the 454 sequencing platform, also
have difficulties accurately sequencing tracts >6 Ts. These technologies are based on
the detection and analysis of light emissions that are proportional to the number of
identical nucleotides incorporated adjacently. However, for long homopolymers the
detector becomes saturated with light and the base-calling software can no longer
accurately interpret the amount of light emitted. This is predicted to occur when
homopolymer tracts of 7 or more nucleotides are sequenced (Mardis 2008). Contrary to
this, a study by Jex et al. (2010) evaluated the use of 454 technology to sequence the
mtDNA of a chromadorean nematode, Haemonchus contortus, which has an AT content
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of 78.1% and poly(T) tracts up to 9 Ts. Although they observed many errors associated
with homopolymers, the final 14,055 bp mtDNA consensus sequence was >99.7%
accurate. Thus, the 40-fold depth of coverage achieved with the high throughput
analysis of 454 generally outweighed the frequency of base-calling errors. However,
this sequencing approach was still preceded by PCR amplification from genomic DNA.
Thus, sequencing methods that avoid amplification altogether would be superior.
However, the longest poly(T) tract of H. contortus mtDNA is only 9 nt. Thus, although
this singular approach appears sufficient, it may not be suitable for the mtDNA of
genomes with longer homopolymer tracts, such as that of the Tylenchida order of
nematodes to which R. similis and H. glycines belong. (See Appendix 5.3 for the
frequencies of different tract lengths for the nematode species listed in Table 5.3).

These observations have significant implications for amplifying, sequencing, annotating
and protein expression studies. The potential for the generation of poly(T) variation
should be a consideration for all studies involving genes with many homopolymers
longer than 6 nucleotides.
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CHAPTER 6: Outcomes and Conclusions
The research presented in Chapters 2 and 3 utilised the mtDNA of the cyst-forming
nematodes of the Heteroderidae family for fundamental („basic‟) research, studying the
molecular mechanisms of mtDNA evolution, while the research presented in Chapters 4
and 5 used the mtDNA of these nematodes to study molecular features that will assist in
experimental analyses of these nematodes, including phylogenetics and population
genetics, which has the potential to be used for practical applications (i.e. applied
research). These applications may include the development of diagnostic tools from this
data, which may be used in quarantine security, and the development of methods
protocols for the manipulation of specific DNA template types in vitro. The discussion
sections of Chapters 2-5 detail the major outcomes, conclusions and future directions
from these chapters separately. The current chapter will focus on the issues that emerge
from the integration of these chapters.

6.1 Basic Research
The research described in Chapters 2 and 3 were aimed at assessing evidence for past
and contemporary mtDNA recombination, as well as direct evidence for paternal
mtDNA leakage, using an animal model, G. pallida. Past recombination was assessed
by analysing the mtDNA molecules within divergent populations of G. pallida, as well
as by comparing the mtDNAs of these populations. Contemporary recombination and
paternal leakage were assessed by experimentally crossing these populations and
subsequently characterising the mtDNA of the progeny, relative to that of the parental
populations. Therefore, both paternal leakage and recombination could be assessed
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under conditions that mimicked that of hybrid zones, where genetically divergent
organisms interbreed.

6.1.1 Major Outcomes
This research demonstrated that past mtDNA recombination and paternal mtDNA
leakage are readily detected between divergent populations in G. pallida. These results
suggest that the interbreeding of genetically divergent populations, such as in hybrid
zones, facilitates paternal leakage, which may subsequently facilitate mtDNA
recombination. Although recombination was only assessed in an approximately 3.4 kb
mtDNA region, evidence for intermitochondrial recombination (between the mtDNA of
different populations) was readily detected. The recombination also appeared to be
homologous, with the DNA sequences either side of the predicted breakpoints sharing
sequence homology, and with no evidence of tandem repeats that may have facilitated
recombination. There was no evidence of contemporary mtDNA recombination within
the progeny of the experimental crosses, despite two crosses having direct evidence of
paternal leakage. Thus, paternal leakage may not always lead to recombination, but may
be a prerequisite for facilitating its detection. A direct association between
contemporary recombination and paternal leakage has only been observed in the
mtDNA of a human patient with a myopathy (Kraytsberg et al. 2004). No studies have
directly assessed both of these phenomena within natural hybrid zones. To reiterate,
hybrid zones are regions that encompass the habitats of multiple species or populations,
where these species or populations are capable of reproducing with one another (Barton
and Hewitt 1985). As the hybridising species are genetically dissimilar, it is
hypothesised that the reproductive mechanisms that typically prevent paternal mtDNA
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inheritance may be inefficient, facilitating paternal leakage (Wagner et al. 1991).
Several studies have reported evidence of past recombination between maternal and
paternal mtDNA molecules (i.e. resulting from paternal leakage) within hybrid zones of
organisms considered to inherit mtDNA maternally. These studies used recombination
detection software to assess recombination in the mtDNA of an individual relative to the
mtDNA of the organisms in the surrounding habitats. In this way, evidence for ancestral
recombination was detected in a salmon (Ciborowski et al. 2007), a lizard (Ujvari et al.
2007) and scorpions (Gantenbein et al. 2005). Further, recombination has also been
reported in the doubly-uniparentally inherited mtDNA of freshwater mussels. Although
this system does not represent paternal leakage, evidence for recombination between the
maternal and paternal mtDNA of different species was reported (Burzynski et al. 2003;
Ladoukakis and Zouros 2001a). The extent to which paternal leakage and recombination
are associated and their prevalence is difficult to estimate as direct evidence of
recombination cannot easily be obtained from a natural population because the true
parental organisms often cannot be determined. Further, it is difficult to predict the
location of a hybrid zone (Barton and Hewitt 1985).

Following observations of recombination in the doubly uniparentally inherited mtDNA
of mussels, it had previously been suggested that, for homologous recombination to
occur, mtDNA molecules ideally need to be approximately 4% divergent. If DNA
sequences are less divergent, then recombination events cannot be detected, and if they
are too divergent (for example, >10%; Smith et al. 2007), then the mismatch repair
system may prevent recombination (Ladoukakis and Zouros 2001a). However, recently
recombination between mtDNA molecules that were 16 to 23% divergent was reported
within this mussel system (Ladoukakis et al. 2011). From this observation, Ladoukakis
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et al. (2011) hypothesised that the mismatch repair system may not be active in the
mitochondria of animals, possibly because it is unnecessary in the typically
homoplasmic mtDNA of animals. However, it is difficult to compare the results of
Ladoukakis et al. (2011) with the homologous recombination observed in G. pallida
(see Chapter 2), as it is impossible to know the sequence homology between the two
ancestral mtDNA molecules that were involved in the past recombination event.
Further, the genetic distances calculated for populations of G. pallida were based on
sequence data derived from population isolates; that is, representative cultures of each
population, which were collected at an earlier point and maintained in laboratory
conditions. Consequently, these isolates may not represent the natural genetic diversity,
as the gene flow between breeding nematodes may have been limited, thus causing a
genetic bottleneck effect. The impact of these effects was considered negligible for
several reasons. Stored nematode cysts from the original populations were used. As
cysts remain viable for many years, there is little need to maintain the population
through breeding, thus reducing the number of generations performed in the laboratory,
and any bottleneck effects. Additionally, the dispersal ability of these nematodes is low.
Therefore, the rate of gene flow in natural populations of these nematodes would be
relatively stable. It is expected that the genetic diversity observed in the laboratory
isolates parallels that observed in natural populations of this nematode. Nevertheless,
this sequence homology between G. pallida populations can be broadly estimated by
calculating the sequence identity between the non-recombinant regions of the modern
mtDNA molecules analysed in the isolates of these populations. This indicated that the
sequence divergence ranged from approximately 2 to 24% between populations
identified as having ancestral recombination (including comparisons of the populations
P5A and P4A, and P4A and the European populations). These sequence divergence
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values are equally as high as those reported by Ladoukakis et al. (2011). Thus, the
results of Chapter 2 may also suggest that there is no mismatch repair system operating
in the mitochondria of those metazoan taxa in which recombination has been detected.
Further investigation of this hypothesis is required. If recombination and paternal
leakage are occurring more frequently than predicted in natural populations, this may
have significant repercussions in studies of phylogenetics and population genetics, e.g.
causing inaccurate estimates of evolutionary histories and gene flow.

6.1.2 Future Directions
Further and more in-depth studies that elaborate on the research presented here are
needed to assess the extent of the impact that genetic divergence has on mtDNA
paternal leakage and recombination. In Chapter 2, the assessment of just 10 clones from
each cyst from a typical cross meant that, in order for recombination to be detected, at
least one of those 10 clones had to be recombinant. Thus 10% of mtDNA molecules
within a cyst had to be recombinant to enable detection. This low level of detection was
a shortcoming of the experiment; despite the considerable sequencing effort (the region
sequenced was 3.4 kb, such that 34 kb were sequenced every time recombination was
assessed). Future studies may consider applying next generation sequencing
technologies to estimate both recombination and paternal leakage frequencies (Rokas
and Abbot 2009). These technologies enable substantially more mtDNA molecules to
be sequenced in several hours. However, this approach may not be straightforward
when applied to nematode mtDNA, as homopolymers are frequent in these genomes
(see Chapter 5), and are difficult to sequence accurately using next generation
sequencing technologies (Mardis 2008).
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This study found that the use of G. pallida as a model system for assessing mtDNA
recombination and paternal leakage was adequate, but perhaps not ideal. There were
generally sufficient genetic differences to enable clear distinction of the mtDNA
sequences from different populations, while these genetic differences were not so high
as to lead to reproductive isolation. However, the nuclear DNA sequences analysed
between populations were highly similar, which meant that the level of molecular
evidence supporting the hybridisations between several populations was low. Thus,
complete separation of males from females is necessary for crossing these populations.
To achieve this, plants infected with G. pallida were left for a total of 8 weeks to allow
males to emerge and fall away from the root. However, this approach was not reliable,
as some cysts from the crossings had evidence of only maternal nuclear DNA present;
suggesting that this length of time was still insufficient for complete separation of males
from females. Finally, the low number of cysts collected after the experimental
crossings meant that the conclusions were not based on large numbers of biological
observations (which would be preferable).

Future studies may consider performing direct crosses in a microtiter dish in order to
observe individual matings, to ensure that each hybridisation involves individuals from
different populations, as well as allowing for optimisation of the reproductive cycle of
G. pallida. Additionally, the number of progeny generated from this experimental
approach may have been increased if the females were crossed with the males sooner, as
it was suspected that the females were left in the hydroponics too long and/or the males
were stored for too long before being mated, impairing their reproductive rates. Once
males emerge, they are typically active in the soil for only 10 days (Evans and Stone
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1977). However, crossing the females with the males sooner may have resulted in less
progeny that are hybrids of the crossed populations, as this length of time was employed
to allow males to emerge from the root, and thus be separated from the females.

Nematodes are useful model organisms because of their ease of handling and
manipulation, and short generation time. For the mtDNA analysis approaches and
experimental crossings of Chapters 2 and 3, the low dispersal opportunity of nematodes
was also a useful characteristic. This minimised the gene flow of established
populations, resulting in substantial sequence divergence between populations. Thus,
other nematodes may also be useful for assessing mtDNA recombination and paternal
leakage, and the effect that genetic divergence between hybridising organisms has on
these phenomena. C. elegans is a commonly used model organism, which has a
mitochondrial genome typical of other animals (Okimoto et al. 1992), and which has
been shown to inherit mtDNA maternally (Wilson 2003). Although the multipartite
structure of G. pallida did not appear to substantially influence the approach or
conclusions of Chapters 2 and 3, C. elegans may be a useful model system for mirroring
the approach described, but in an organism without a multipartite mitochondrial
genome. There are several strains of C. elegans currently available that are genetically
different from the wild-type populations, which may be suitable for this experimental
approach. For example, the uaDf5 mutant strain of C. elegans, which has a 3.1 kb
deletion involving 11 genes, is able to stably propagate this deletion without selection
(Tsang and Lemire 2002b).

Applying this methodology to a boarder range of animals however, may be technically
difficult, as the more genetically divergent that organisms are, the more likely they will
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be completely reproductively isolated and thus unable to hybridise. Additionally, further
studies should establish the typical mode of mtDNA inheritance in the model organism,
as well as ensure that the direct parental organisms can be characterised. This will
enable direct observations of the mtDNA changes resulting from the hybridisation, and
minimise cumulative mutations that may interfere with these analyses of mtDNA
paternal leakage and recombination in the progeny.

6.2 Applied Research
The research described in Chapters 4 and 5 analysed the genetics of economically
significant agricultural pests, the cyst-forming nematodes. This included assessing three
potential molecular markers for G. pallida, as well as studying the frequency of poly(T)
tracts in mtDNA across the cyst-forming nematodes, assessing their susceptibility to
amplification errors, and reporting on the features contributing to the generation of
poly(T) variation.

6.2.1 Major Outcomes
In analysing the utility of three molecular markers for G. pallida populations, a
commonly used marker (the ITS region), as well as a pathogenicity factor (the rbp-1
gene) were inadequate for resolving the populations of G. pallida studied, particularly
when these markers were used independently. However, a new molecular marker (the
non-coding region of scmtDNA IV) was more promising, resolving several G. pallida
populations as reciprocally monophyletic. Further, this scmtDNA IV marker improved
the resolution of representatives from several populations when used in conjunction
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with the other markers. This research emphasises the importance of not relying on a
single molecular marker for evolutionary analyses.

The phylogenetic analyses of the scmtDNA IV region included mtDNA molecules that
were recombinants of one another. However, this molecular marker was still able to
resolve populations of G. pallida more reliably than other DNA sequences. This is
despite separate phylogenetic analysis of the recombinant and non-recombinant regions
demonstrating different tree topologies. This suggests that the recombination observed
in the ~3.4 kb mtDNA molecules may not significantly influence phylogenetic inference
when the complete ~3.4 kb fragment is analysed. This questions current arguments,
based on computational simulation studies, which suggest that recombination between
closely related sequences can significantly impact phylogenetic analyses (Posada and
Crandall 2002). Further analyses are required to determine the sensitivity of
phylogenetic analyses when varying composites of recombinant and non-recombinant
regions are analysed.

In analysing mtDNA poly(T) tracts across the Heteroderidae, these nematodes displayed
unusually high frequencies of poly(T) tracts, as well as a susceptibility to amplification
errors at these tracts, and an increase in error rates with increasing tract length. This has
implications for any DNA analyses involving long homopolymer tracts, but is
particularly relevant for mtDNA studies of these nematodes, as they have unusually
high numbers of homopolymer tracts. Further, mtDNA analysis of individual nematodes
requires an amplification step due to the limited mtDNA in a single nematode. The
poly(T) length variation reported here has the potential to influence both genome
annotations and evolutionary analyses of Heteroderidae nematodes.
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6.2.2 Future Directions
As part of the goal of developing prevention and treatment methods for the control of
these agricultural parasites, further studies are needed to determine the practicality of
using the non-coding region of scmtDNA IV (or part thereof) as a molecular marker for
G. pallida. However, the multipartite structure of G. pallida may confound mtDNA
analyses, and should be considered in the assessment of its use as a molecular marker.
For example, if a smaller region of scmtDNA IV is targeted, then the primers must be
designed so that they are specific to scmtDNA IV. The possibility of targeting a
recombinant region or part thereof must also be considered, as here we demonstrate that
recombination is present in scmtDNA IV in several populations, and that these regions
can mislead phylogenetic inference. Future studies should also consider the potential for
poly(T) variation when analysing the mtDNA of Heteroderidae (and other) nematodes,
and consider employing the protocols suggested to decrease the frequency of
polymerase errors (see Chapter 5) such as using a polymerase enzyme that is less
susceptible to slippage (e.g. Bst and Tfu DNA polymerases) (Viguera et al. 2001).
Further analyses of the amplification error rates of different polymerases on nematode
mtDNA or DNA with extensive homopolymers are also needed to inform researchers of
the optimal polymerase for these applications. This has the potential to (for example)
improve the efficiency of sequencing a large number of organisms or for sequencing
long DNA fragments for phylogenetic analysis, by avoiding the need to clone a DNA
fragment in order to sequence it.

Future studies need to establish whether the biological DNA polymerase of the
nematode has the ability to correctly transcribe the encoded poly(T) length, or whether
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this polymerase also generates frameshift errors in vivo. If poly(T) variation is a
biological phenomenon of these nematodes, further studies are needed to ascertain how
the nematode is able to avoid the deleterious effects predicted to be associated with
frameshift mutations within mRNA transcripts. Interestingly, the DNA polymerase of
the mitochondrion are more closely related to that of viral DNA polymerases than that
of bacterial DNA polymerases (Filée et al. 2002). This is peculiar, as the endosymbiotic
theory predicts that mitochondria are derived from an aerobic bacterium (Margulis
1970). As DNA polymerases of bacterial origin are used for in vitro amplification of
mtDNA, these amplifications may not reflect the true replication systems within the
mitochondrion. It is possible that bacterially-derived DNA polymerases may be more
prone to amplification errors at homopolymer tracts.

6.3 Conclusions
The dogmas that mtDNA inheritance is strictly maternal and that animal mtDNA does
not recombine are being readdressed as the number of studies analysing animal mtDNA
increases, and as the capabilities of such studies increase. Although reports of evidence
for both phenomena are increasing, few studies are addressing the factors underlying
paternal leakage and recombination. Additionally, evidence for these phenomena has
been from a broad range of animals, suggesting that the mechanisms underlying these
are likely to be complex, and may require manipulation of model systems in order to
obtain more than a superficial understanding. Here I present further evidence for both
phenomena, while also describing a contributing factor of both paternal leakage and
recombination; the genetic divergence between hybridising organisms. However, the
research presented here only involves a small number of sampled progeny. Thus, this
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should be used as a fundamental basis to develop rapid approaches to assessing mtDNA
paternal leakage and recombination in a greater number of populations and progeny
than that analysed here.

G. pallida and other cyst-forming nematodes have the potential to cause substantial
agricultural losses annually. Developing reliable molecular markers and accessible
methods of applying these markers will assist in (i) developing diagnostics for different
G. pallida populations, (ii) understanding the phylogeny of G. pallida, and (iii)
elucidating the full evolutionary history of the populations of G. pallida. This will assist
in determining infestation routes, allowing more appropriate quarantine measures to be
adopted. Here a new potential marker for G. pallida is presented, the non-coding region
of scmtDNA IV. However, the research presented here also cautions on the use of
mtDNA for heteroderid analyses, as the extent of poly(T) variation introduced during
amplification may interfere with these analyses. Additionally, the mtDNA of
heteroderid nematodes may contain recombinant molecules, which has the potential to
influence population and phylogenetic analyses. The use of mtDNA as a molecular
marker, possibly in combination with other markers, may be unavoidable, as the extent
of genetic divergence between closely related populations is typically lower for\ most
nuclear and protein markers for animals. Thus, further understanding of the dynamics of
mtDNA evolution is fundamental to analyses of phylogenetics and population genetics.
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Appendices
Appendix 3.1 Electropherograms of the internal transcribed spacer (ITS) region sequenced from the
parental populations and 3 progeny from an experimental cross of Globodera pallida populations P5A
and Lindley. Arrows indicate the presence of 2 bases at the same site in the progeny, corresponding to the
two different nucleotides that were evident at that polymorphic site when the maternal and paternal
sequences are compared (underlined). (a) Maternal ITS sequence from population P5A. (b) Paternal ITS
sequence from population Lindley. (c-e) Progeny ITS sequence from 3 cysts of the cross of populations
P5A and Lindley.
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Appendix 4.1 Average genetic distances between sequences of three DNA regions and a polypeptide,
including representatives of the G. pallida populations from the UK, Lindley, Gourdie and Luffness, and
from populations from South America, P4A and P5A.Intra-population variation is indicated in bold. Interspecies variation is also shown relative to G. rostochiensis.
Globodera pallida

Globodera

Lindley

Gourdie

Luffness

P4A
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rostochiensis

0.00689

0.00746
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0.01012

0.01620

0.02929

0.00333

0.00554

0.00811

0.01804

0.03136

0.00775

0.00837

0.01585

0.03059

0.01018
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0.02971

0.00187
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DNA sequences
ITS region
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P5A
scmtDNA IV noncoding
Lindley
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Gourdie

0.00193

0.06821
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0.18209

0.55634

0.00139
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0.55619

0.00240

0.14588

0.19198
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Appendix 4.2 Amino acid alignment of the translated region of the rbp-1 gene sequenced from G. pallida
populations and G. rostochiensis.
10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|
Lindley_1
SIPNKESGIFYYEVKISAITASVSIGLATKEMPLDKWVGYVKGTYSYDSRGYFWGHEVAG
Lindley_2
........T...................................................
Lindley_3
---------------.............................................
Lindley_4
............................................................
Lindley_5
............................................................
Lindley_6
............................................................
Gourdie_1
....Q...............................F.......................
Gourdie_2
---------------.............................................
Gourdie_3
....Q...............................F.......................
Gourdie_4
....Q...............................F.......................
Gourdie_5
....Q...............................F.......................
Luffness_1
............................................................
Luffness_2
....................................F.......................
Luffness_3
....................................F.......................
Luffness_4
............................................................
Luffness_5
............................................................
Luffness_6
............................................................
P4A_1
---------------.............................................
P4A_2
---------------...T.................F.......................
P4A_3
------------------..................F.......................
P4A_4
............................................................
P4A_5
............................................................
P5A_1
............................................................
P5A_2
..............E.............................................
P5A_3
............................................................
P5A_4
............................................................
P5A_5
............................................................
P5A_6
.......................................................R....
G. rostochiensis ...--KD.........LEKGTR.Q......Q.....P..WSE...A.A.A......KDSK
70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|
Lindley_1
CSH--LNKHPFIKVSKFGEGDVVGCGVNLKKRQIFYTLNGGLLEPAGLPX---------Lindley_2
...--.........P.........................E........IDHDADLFPCX
Lindley_3
...--.........P.........................E........IDHDADLFPCX
Lindley_4
...--........AP.........................E....--------------Lindley_5
...--.........P.........................E........IDHDADLFPCX
Lindley_6
...--...................................E....--------------Gourdie_1
...--.........P..............EN.........E....--------------Gourdie_2
...--...................................E........IDHDADLFPCX
Gourdie_3
...--........................EN.........E....--------------Gourdie_4
...--........................EN.........E....--------------Gourdie_5
...--.........P..............EN.........E........IDHDADLFPCX
Luffness_1
...--.........P.........................E........IDHDADLFPCX
Luffness_2
...--........................EN.........E........IDHDADLFPCX
Luffness_3
...--........................EN.........E........IDHDAELFPCX
Luffness_4
...--.........P.........................E........IDHDADLFPCX
Luffness_5
...--.........P.........................E........IDHDADLFPCX
Luffness_6
R..--.........P.........................E........IDHDADLFPCX
P4A_1
...--........................EN.........E...X--------------P4A_2
...--...R.....P..............EN.........E........IDHDADLFPCX
P4A_3
...--...R.....P.......I......EN.........E..X---------------P4A_4
...--.........P.........................E........IDHDADLFPCX
P4A_5
.T.--.........P..............E.......P..E........IDHDADLFPCX
P5A_1
...--.........P.........................E........IDHDADLFPCX
P5A_2
...--...................................E........IDHDADLFPCX
P5A_3
...--.........P.........................E........IDHDADLFPCX
P5A_4
...--...................................E........IDHDADLFPCX
P5A_5
...--.........P.........................E........IDHDADLFPCX
P5A_6
...--.........P.........................E........IDHDADLFPCX
G. rostochiensis .TIGTA.GR.Y..GPW..N...I....DFAN......K..QR.ITTE.HVDSAAKLYPCX
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Appendix 4.3 Bayesian Inference analysis of G. pallida populations. (a) Analysis of part of a proteincoding nuclear gene region, rbp-1. (b) Analysis of the nuclear non-coding ITS region. (c) Analysis of a
non-coding mtDNA region specific to scmtDNA IV. Numbers at nodes indicate posterior probabilities.
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0.02

(c)
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Appendix 4.4 Sequences for primers that anneal to the ~3.4 kb non-coding scmtDNA IV region from
Globodera pallida populations P5A, P4A, Luffness, Gourdie and Lindley.
Primer

Sequence (5‟-3‟)

scmt4-F1

GGAAAATTTGTACGAGAGGATCG

scmt4-F2

CGCTGCTCTGTACCTGGAG

scmt4-F3

ATTAGACCGATAAGTTTACACCTTG

scmt4-F4

ATGAGTTTTAAGAGTGTGTGAAAGG

scmt4-F5

TGATATAGGTTCAGATTGATGGAC

scmt4-F6

GCGATAGCGTACAAGATAAAATAGG

scmt4-F7

CACGAACCAGGAGAACAGAG

scmt4-R1

AGGCAGGAAACCTGGATCG

scmt4-R2

TCTTCTACGCTTCGCTACCAC

scmt4-R3

TGCCTACGTCAAATAGATAAGGA

scmt4-R4

TGCGTTACGAGCCAGTATAAG

scmt4-R5

CTTACAAGGTGTAAACTTATCGGTCT

scmt4-R6

CTCCAAAACTATTTGACTACGTCCT

scmt4-R8

GACTAGGTCCATCAATCTGAACC
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Appendix 5.1 Comparison of the electropherograms of the COII region sequenced following varying
amplifications in the assessment of the generation of poly(T) variation. (a) Sequenced directly from the
PCR product amplified from genomic DNA of H. cajani. (b) Sequenced from plasmid DNA (of clone a2)
following cloning of the PCR product from the genomic DNA amplification. (c) Sequenced from the
plasmid DNA (of clone a2.8) following re-amplification and cloning of the COII region from clone a2;
i.e. from a single molecule. (d) Sequenced from clone a2.8 also, but from the product of a colony PCR
(i.e. before bacterial propagation of a2.8).
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(a)

(b)

(c)

(d)
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Appendix 5.2 Poly(T) variation rates of indels relative to poly(T) tract length for all Hoplolaimoidea COI
and COII mtDNA sequences analysed.
Number of

Length of
poly(T) tracts

-3

variation rateb

(x10 )

tracts

Total poly(T)

sequenced

-1 T

+1 T

-2 Ts

+2 Ts

(x10-3)

7

165

0.17

0.00

0.00

0.00

0.17

8

71

0.40

0.00

0.00

0.00

0.40

9

166

0.69

0.17

0.17

0.00

1.03

10

207

2.62

0.41

0.14

0.28

3.45

11

13

8.79

0.00

2.20

0.00

10.99

14

4

14.29

0.00

0.00

0.00

14.29

16

4

7.14

7.14

7.14

0.00

21.43

630

1.45

0.23

0.18

0.09

1.95

All tracts >6
Ts
a

a

Poly(T) variation rateb of each indel mutation type

Only tracts with >6 Ts demonstrated poly(T) variation; bPoly(T) variation rates (indels/poly(T)/cycle)

were calculated as im/(t x c), where im is the number of indel mutations, t is the total number of poly(T)
sites longer than 6 Ts sequenced, and c is the number of amplification cycles.
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Frequency of poly(T) tract in mtDNA
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Appendix 5.3 Frequency of different poly(T) tract lengths >6 Ts in the mitochondrial genomes of the nematode species listed in Table 5

